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Abstract 
 
Agricultural Intensification in the Midwest: Impacts on Regional Surface Humidity 
By: Andrew C Hill 
Department of Geography 
Minnesota State University, Mankato 
2018 
 
An overwhelming majority of anthropogenic climate change studies have placed 
emphasis on biogeochemical agents, chiefly carbon dioxide emissions, which operate on 
a global scale.  Fewer studies focus on biophysical factors such as land use/ land cover 
which operate on a regional or local scale.  The impact from biophysical factors will 
continue to be reinforced with a growing human population and expanding resource 
demands.  Of these factors, agricultural land use represents one of the largest, most 
extensive, and vital land use allocations.  
The U.S. Midwest, dominated by rain-fed corn and soybean agriculture, is a key 
agricultural region which is lacking in studies exploring climate impacts.  Potential 
increases in soil moisture availability combined with modern agricultural practices has 
resulted in the anthropogenic elevation of surface humidity and dew point temperature 
within this region. Commensurate with this change is a modification of surface energy 
balances resulting in decreased daily temperature ranges from diurnal cooling and 
elevated nocturnal minimums.  Increased atmospheric moisture also has a direct effect on 
human comfort through a decrease in evaporative cooling capacity.    
An updated 61-year regional growing season climatology from 59 NWS first 
order stations of dew point temperature, minimum/maximum temperature, and vapor 
pressure deficit provides evidence of land use impacts on regional and local climate 
factors.  Significant increases in dew point (1-2°F), focusing on the Midwest, have been 
identified.  Further, these increases have not been found in the U.S. South which is the 
typical source region for advected atmospheric moisture into the Midwest, thus indicative 
of a localized moisture source.  Examination of historic USDA agricultural statistics aids 
in the understanding of potential contributions from land use on surface humidity.  
Further, 2017 field work provides a current multi-level canopy model of transpiration 
rates for regionally grown corn and soybeans with considerations for several controlling 
environmental variables.  This has allowed accurate up-scaling to field levels allowing 
prediction of overall atmospheric moisture contributions at determined mid-day 
transpiration maximums over the course of the 2017 growing season.  
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Chapter 1: Introduction  
1.1 Introduction 
The human population continues to grow at unprecedented rates, with global 
population presently standing at 7.4 billion people, up significantly from 2.5 billion in 
1950, or 1.6 billion in 1900 (United Nations 2017).  This vast increase in population has 
been supported by an intensified agricultural system, which in turn is reinforced by 
population growth in an auto-correlative manor.  This has been especially true in the 
United States (U.S.) Midwest which is often geographically referred to as the Corn Belt, 
although soybean cultivation has become an important rotation crop which also defines 
the region.  To reach such levels of intensification, the U.S. agricultural system has 
progressed from a labor-intensive industry employing over half of the population prior to 
1890 to a streamlined system with marked mechanical, technological, and biological 
improvements resulting in incredible efficiency.  Presently, only one percent of the 
population remains as farm workers (Lebergott 1966; USDA 2012).  During this period 
of focused development, crop yields have matched the trend in increasing efficiency with 
national corn yields increasing nearly 400 percent and soybean yields increasing well 
over 1000 percent relative to the turn of the 20th century (USDA 2012).  In 2012 the U.S. 
supplied 35.5 percent (313.95 million tons) of total global corn (883.54 million tons) and 
35.3 percent (84.19 metric tons) of total global soybean (238.73 million tons) (USDA 
2013).  
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Much of this development has centered on the U.S. Midwest Corn Belt (Figure 
1.1) resulting in momentous changes in technology, production efficiency, and land use 
practices.  This assertion is further supported by the fact that overall cultivated land has 
not increased more than ten percent in the last fifty years, indicating that cropland 
management practices have a larger effect than expansion (Lobell, Bala, and Duffy 
2006).  In many instances, land use changes have been often overlooked pursuant to 
regional and local climate factors.   
Agricultural land use changes can act to modify the surface energy balance by 
altering albedo and the partitioning of latent and sensible heat resulting in potential 
Figure 1.1 Image of the Corn Belt in Southern Minnesota, note the frequently occurring midday fair weather cumulus 
formation, photo by author, taken on July 7th, 2017, corn pictured is at V10 growth stage. 
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effects on temperature and humidity (Raddatz 2007).  The Midwest Corn (and Soy) Belt, 
located within mid-continent North America, forms a battle ground between competing 
air masses, most notably maritime tropical (mT) vs continental polar (cP) during summer 
high-sun season.  The region’s overall summer climate is largely a result of this air mass 
competition.  Agricultural land use practices in the region are likely impacting the 
resulting climate with intensified corn and soybean agriculture acting as a potential 
source of augmentation for local surface humidity.  Specifically, corn and soybeans are 
contributing to increases in surface humidity through stomatal conductance of water 
vapor and subsequent transpiration into the lower atmospheric boundary layer, thus 
elevating the dew point and reinforcing a localized greenhouse effect.      
1.2 Research Questions 
To gain a better understanding of Midwest agricultural land use and its subsequent 
effects on local and regional surface humidity, a variety of different research questions 
are addressed:   
• What spatial and temporal changes have occurred in observed growing season 
dew point temperatures across the Midwest to the Gulf Coast over the 61-year 
(1956-2016) study period? 
• How have other associated climate variables changed during this time, including: 
growing season daily maximum temperature, daily minimum temperature, and 
atmospheric vapor pressure deficit? 
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• How has agricultural land use changed over the study period, including: overall 
yields, yields per acre (production efficiency), planting population rates, and 
technological advancements? 
• Does a potential statistical relationship exist between elevated surface moisture 
variables and changes in agricultural practices and land use? 
• How much moisture are typical corn and soybean fields contributing at midday to 
surface humidity via transpiration processes at different developmental stages 
(changing leaf area) throughout the 2017 growing season? 
• What effects do environmental conditions have on overall transpiration rates?  
1.3 Research Approach 
This research has been carried out with a two-part approach with the first part 
consisting of meteorological data acquisition for a 61-year study period from regional 
National Weather Service (NWS) First Order Stations (FOS) and subsequent statistical 
analysis addressing any spatial and temporal changes in several climate variables.  
Specifically, data collection and analysis were focused on mean growing season dew 
point temperature, daily maximum temperature, daily minimum temperature, and 
atmospheric vapor pressure deficit.  Moreover, USDA agricultural data were analyzed for 
relationships between land use, production efficiency, yields, planting populations, and 
technological advancements.  Further statistical analysis was used to provide a possible 
link between changes in climate variables and agricultural factors.      
The second part consists of field work survey measures completed throughout the 
2017 growing season in two corn and two soybean production fields located in South 
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Central Minnesota (Nicollet County).  This field work provides a quantification of 
potential midday contributions to regional boundary layer moisture for corn and soybean 
agriculture within the northwestern boundaries of the rainfed Midwest Corn Belt.  
Several variables were examined including overall photosynthetic rates, stomatal 
conductance, transpiration rates, soil moisture availability, leaf area index (LAI), sunlit 
vs. shaded canopy leaf fractions, vapor pressure deficit, and weather conditions at the 
time of survey measurements.    
1.4 Study Region Selection  
To improve understanding of regional agricultural land use on humidity in the 
lower atmosphere (boundary layer) and to distinguish these changes from transient air 
mass influences, two study regions were used (Figure 1.2).   
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The primary study region is defined largely by the portion of the Midwest 
historically referred to as the Corn Belt, including only the portions receiving a majority 
of necessary water for crop growth from natural summertime precipitation patterns 
(Figure 1.3) (USGS 2010).  This selection has purposefully excluded areas west of the 
midcontinent 100th meridian, which are often included in modern day definitions of the 
Corn Belt (Hudson 1994).  These excluded areas rely heavily on irrigation practices 
Figure 1.2 Primary and secondary study areas showing locations of National Weather 
Service (NWS) First Order Stations (FOS). 
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which provide a direct and well recognized anthropogenic source of soil moisture and 
absolute humidity within the boundary layer (Mahmood et al. 2008; Grassini, Yang, and 
Cassman 2009).   
Consequently, this research is directed towards primarily rain-fed corn and 
soybean agriculture within the Central and Eastern Midwest Corn Belt to better gauge 
effects from changes in agricultural land use practices and changes in summertime 
precipitation patterns that may alter soil moisture availability for crop use and increased 
transpiration.  The secondary study region, extending south from the rain-fed Corn Belt 
to the Gulf Coast, was chosen to gauge any effects from changes in maritime tropical 
Figure 1.3 30-year precipitation average (1971-2000) within the contiguous United States showing location of primary 
study area (USGS 2010). 
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(mT) air mass humidity in a zone much closer to its source region, prior to its advection 
into the Corn Belt.  
1.5 Conclusion   
Examining spatial and temporal changes in dew point temperatures and 
meteorological variables related to surface moisture relative to changes in Midwest 
agriculture, provides an improved understanding of potential agricultural land use effects 
on surface humidity and the overall temperature regime.  Field survey measures of corn 
and soybean transpiration processes during the 2017 growing season yield a clearer 
picture of potential lower atmospheric moisture contributions delivered directly from 
intensified Midwest agriculture.  The following chapters provide a detailed analysis of 
these climatological effects within the boundary layer and investigates the evidence of 
Midwest agricultural practices, specifically the intensification of crop cultivation, serving 
as a source for a variety of causative climatic factors.  
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Chapter 2: Review of Literature  
2.1 Introduction 
People have modified the terrestrial environment with consequent effects 
encompassing the entire biosphere.  One of the most drastic modifications to the natural 
world, an often-overlooked factor in climate studies, stems from land use change.  Over 
the last 300 years these changes have reached a new maximum with 50 percent of the 
terrestrial biosphere now utilized for human settlement and agriculture (Ellis et al. 2010).  
The cause of this rapid expansion and land use change has been driven by human 
population growth.  Population has been steadily rising since 1700 from around 600 
million to around 6.3 billion by the turn of the 21st century due to drastic reductions in 
infant mortality, prolonged lifespans, and social-economic influences occurring in both 
developing and less developed countries, which have resulted in the unprecedented 
doubling of world population within a 40-year period (Turner 1990; Cohen 2003).  
This situation forces increased demand for land products such as timber, 
settlement space, and crops, which encourages an intensification of commodity-based 
agriculture not only in support of basic human needs, but as a critical component of trade 
and commerce.  For example, contemporary market demands for renewable fuel sources, 
chiefly ethanol, are expected to increase corn production within the Midwest (Wallander, 
Claassen, and Nickerson 2011).  Developing countries continue to make economic 
improvements.  Their increasing per capita income has elevated demand for meat 
products, requiring increased grain production for animal feeds (Edgerton 2009).  As 
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demand for agricultural products increases, production goals may be met with two basic 
approaches: (1) either increased production on existing cropland or, (2) cropland 
expansion into other areas previously unsuitable or unused for agricultural production 
(Edgerton 2009; Alexander et al. 2015).  The latter often has had more drastic ecological 
consequences (Secchi et al. 2009).  A good example was the Soviet decision under Nikita 
Khrushchev to expand grain production into the virgin lands (Rowe 2011).  More 
recently, the conversion of vast swaths of Amazon Rainforest into cropland or ranchland 
has gained attention.  
The remainder of this chapter focuses on a literature review pertaining to 
agricultural history in the U.S. as applied to the Midwest, with a synopsis of modern 
agricultural technologies.  Next, the impact of land use on climate is addressed followed 
by a separate review of literature pertaining to agricultural land use.  Also included, is an 
overview of Midwest air masses and dewpoint climatologies, along with a summary of 
corn and soybean stomatal physiology and environmental response factors.  
2.2 Agricultural History in the U.S. and Midwest 
Origins of agriculture within the U.S. often mirror practices from old world 
Europe.  Settlers used the same tools which they were familiar including draft animals, 
cultivation devices, and seed varieties (Conkin 2008).  Until the 1880’s, exports were 
non-existent on any large scale and farm products were used to supply local markets, 
often used as a trading commodity.  During this early period (1790-1865), American 
agriculture was largely the center of normal everyday life with 90 percent of the 
population someway involved in the trade with an estimated 50 percent of all human 
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labor dedicated to food production (Conkin 2008).  This represented an intensified 
agricultural system, at least within a cultural sense, and likely provided the initial 
motivations for later improvements to simplify crop production while freeing a dedicated 
segment of the labor force for other occupational pursuits in the growing industrial sector 
of the U.S. economy.    
Following the initial agricultural practices of colonists and settlers, American 
agriculture became the focus of extensive policy development and education services.  
This began in 1862 with the passing of the Homestead Act and increased westward 
national expansion.  The Homestead Act provided the most valuable agricultural 
necessity by providing 160-acre plots of land to any man over the age of 20 or 320 acres 
to a married couple in exchange for an agreement to occupy and cultivate the plot for at 
least a five-year period (Homestead Act  1862).  The program had an instant attraction 
with over 1.5 million claim applications just nine months after the bills introduction, 
which eventually led to 270 million settled acres or roughly 10 percent of all modern-day 
U.S. land (Anderson 2011).    
While agriculture had become one of the nation’s largest interests, it remained 
without a major government department or bureau (Duemer 2007).  This changed in 1862 
with the initial steps taken for the creation of the United States Department of Agriculture 
(USDA).  This legislation was enacted along with a long-sought educational land grant 
program known as the Morrill College Act which provided 17.4 million acres of research 
land to public universities (Morril College Act  1862; Loss 2012).  This was also driven 
by the newly realized need that the nation’s future largely depended upon the education 
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of its citizens, especially in areas of agriculture and mechanical arts, which at the time 
was limited to private East Coast institutions (Alan 2004).  The system was especially 
effective in producing a high number of engineering graduates who later redefined the 
20th century with their innovations with much of this directly supporting the 
technological needs of America’s progressing agricultural industry (Nienkamp 2010).  
The land grant agriculture programs were particularly valuable to further development by 
their extensive experiments of new techniques, equipment, crop types, and varieties 
which would have been economically prohibitive and risky for the regular farm producer 
(Alan 2004).  The success of the original Morril Act was further strengthened in 1980 
with the passing of the second Morril Act, which provided increased federal funding and 
expanded education efforts (Brooks and Marcus 2015). 
The invention of the steel plow earlier in the 19th century provided homesteaders a 
means of effectively clearing the tough prairie sod landscape.  Tile drains and stream 
powered dredges allowed for extensive land drainage, particularly in the wet prairie areas 
of the Midwest, as they did for tole (bulrush) marshes found on the lower Sacramento and 
San Joaquin Rivers in California (Ingebritsen 2000).  Later, engineering and mechanical 
progress led to the development of steam driven tractors in the 1890’s, which were 
refined by the 1930’s with more efficient and reliable gasoline engines.  In 1921 there 
were around 300,000 tractors in use, by 1930 there were 1.2 million (Conkin 2008), and 
from 1950-1970, 1.7 million more modern tractors were sold (Clampitt 2015).  From a 
regional perspective, tractors outnumbered draft horses in the U.S. Midwest by 1926, 
whereas in the U.S. South, tractors did not out number mules until 1954.  
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Other important early innovations include the creation and industrial-scale 
production of synthetic chemical fertilizers which were cost effective and dramatically 
increased yields.  This was supported by the National Defense Act of 1916 in which WWI 
munitions plants were salvaged and repurposed to produce nitrogen-based fertilizers from 
similar explosive manufacture technologies resulting in a doubling of fertilizer 
production in the 1940’s and an impressive on-farm input application increase of 300 
percent (National Defense Act of 1916  1916; Johnson 2016).   
Figure 2.1 Timeline of important developments which supported agricultural intensification within the U.S. 
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Another necessary reform occurred following the great market crash of 1929, 
which sought to stabilize commodity market trade prices after agricultural overproduction 
caused dramatic drops in market shares.  The “New Deal” which focused on stabilizing 
volatile agricultural markets began providing federal subsidies for producers who agreed 
to periodically take land out of production and kill off excessive livestock in order to 
reduce the large fluctuations in supply (Fishback, Horrace, and Kantor 2005).  During 
this period, many smaller farms were unable to endure, which ultimately increased the 
average farm size.  Collectively, these developments set the stage for further agricultural 
progress which became largely driven by private industry and scientific research (Figure 
2.1).   
2.3 Modern Agricultural Technologies  
The incredible increases in production efficiency resulting in consistent and 
higher yields are the result of changes in both cultural practices and genomic 
modification through traditional selective breeding techniques and direct genetic 
manipulation.  The former has been the result of extensive classical breeding efforts from 
both major and minor seed companies.  Considering the phenotypic diversity of the 
domestic dog, classical selective breeding is indeed a powerful tool.  These techniques 
have been the backbone of historical crop development and continue to play a vital role 
in mitigating negative pressures such as disease susceptibility (Eathington et al. 1993; 
Staskawicz et al. 1995), flood damage resistance (VanToai et al. 1994), and unfavorable 
soil conditions (Rao et al. 1993), while adding valuable traits such as reduced flower 
abortion (Sharma, Dybing, and Lay 1990), increased nitrogen fixation in soybean (Coale, 
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Meisinger, and Wiebold 1985; Keyser and Li 1992), and nutritional improvement (Ortiz-
Monasterio et al. 2007), among countless other traits. 
Historically, crop developments have been driven by open pollinated varieties, 
which lacked the vigor and yield potential of modern hybridized varieties.  The first 
hybridized corn crops were produced in the early 20th century as double cross hybrids, 
which led to the selection of elite lines that have been further improved by single crossed 
hybrids, representing 85 percent of all U.S. corn production by 1990 (Bradshaw 2017).  
By the 1992 USDA Census of Agriculture, the collective production efficiency of corn 
within the Corn Belt states increased 118 percent from 57 to 124 bushels per acre since 
the 1959 census (USDA 2012).  Soybeans, which are native to China, comprise a self-
pollinating plant which has resulted in highly inbred lines and reduced overall genetic 
diversity.  A major goal of current soybean breeding has been selection of varieties which 
have increased oil production traits compared to high protein production found in typical 
wild type varieties.  Soybeans are the source of over half of all oilseed production (Zhou 
et al. 2015).  Overall, soybeans have not seen as dramatic of a per acre yield increase as 
corn, which may be attributed to the narrow genetic base (Singh and Hymowitz 1999).  
For example, from 1959 to 1992 soybean yields increased 57 percent from 23 to 37 
bushels per acre (USDA 2012).   
One such trait, or rather crop culture characteristic, that has largely come about 
through classical breeding is selection of varieties which possess stress tolerance to 
increased planting densities.  This has been especially true for the corn plant where per 
plant yield potential has not increased dramatically since the 1930’s (Duvick 2005), yet 
16 
 
genetic improvements resulting in better resource allocation, reduced abiotic/biotic stress, 
and tolerance to higher plant populations has steadily increased corn plant density 
(Tokatlidis and Koutroubas 2004), resulting in greater yields and production efficiencies.  
Increasing corn density has been a consistent and linear trend with an average annual 
increase of around 320 plants/acre occurring each growing season (USDA 2017).  This 
rate has been observed throughout the greater Corn Belt with most states reporting yearly 
population rates beginning in 1982, with the exception of Iowa, which has been reporting 
since 1963 (Figure 2.2) (USDA 2017).   
This pattern has been less obvious with soybeans but is also increasing due to 
classical breeding efforts to reduce negative effects of high plant densities.  Early studies 
on soybean plant density indicate a reduction in pod/seed counts in response to higher 
plant density (Weber, Shibles, and Byth 1966), an effect supported by modern varieties 
possessing more leaves than needed for maximum yield, thus decreasing lower canopy 
photosynthesis and lowering yield potentials (Srinivasan, Kumar, and Long 2017).  
Despite this drawback, pod counts have shown a linear increase of around 22 additional 
pods/18ft2 each growing season since 1990 when survey reporting began (USDA 2017).  
Pod counts provide a proxy for soybean density, as population counts are not typically 
reported.  This pattern has also been consistent throughout the greater Corn Belt (Figure 
2.3).  Another factor supporting an increase in soybean planting density is lower seed 
costs, which allows producers to “overplant” what is needed for maximum yield to ensure 
the best germination rates.  Typically yield maximums for soybean are achievable with 
modest population rates of 101,000-141,000 plants/acre, however actual average rates are 
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often around 141,000-182,000 plants/acre (Grassini et al. 2014).  These increases mark 
the dramatic improvements which were made possible largely through classic breeding 
and cultural improvements, prior to direct genetic modification with the commercial 
introduction of genetically modified organism (GMO) technology in 1996.  
The first successful transgene plant was created in the early 1980’s with vector 
mediated gene transfer that most often takes advantage of the naturally occurring soil 
bacterium Agrobacterium tumefaciens, which is responsible for crown gall disease in tree 
species resulting in large visible gall growths.  The Agrobacterium mediated gene 
transfer has become the most effective plant gene transfer technique used in 
biotechnology applications along with other diverse bacteria mediated transfers (Guo et 
al. 2011).   
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Many other techniques can be used including the physical method of particle 
bombardment or the “gene gun” where trait specific DNA coated heavy metals are fired 
into the cell penetrating the cell wall, resulting in genetic expression of the new traits 
(Broothaerts et al. 2005).  In all cases, modern gene transfer techniques provide a new 
addition to plant breeding efforts, which seeks to express specific and often novel genetic 
traits thereby altering phenotypic expression.    
   
 
Commercially available GMO crop technology was realized with Monsanto’s 
introduction of Round-Up (glyphosate herbicide) tolerant “Round-up Ready” soybeans in 
1996 which were quickly adopted with the trait present in over half of all soybeans grown 
in the U.S. by 2001, and in 77 percent all of global soybean crops by 2009 (Halford 
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2011).  Herbicide resistant corn and cotton followed in 1997, canola in 1999, and sugar 
beets in 2007 (Brookes 2014).  At the time of initial introduction, genetically modified 
(GM) crops were grown on approximately 4.2 million acres in the U.S.  Subsequent 
adoption of the technology soared globally to over 395 million acres in twenty-nine 
countries by 2006; making GM crops the fastest adopted agronomic technology in history 
(Khush 2012).  This fast rate of adoption by producers demonstrates the need and value 
that the modern technology provides and also illustrates the contextual impact of 
improved global transportation and communication systems.      
New traits continued to be developed, such as insect resistant Bacillus 
thuringiensis (Bt) corn varieties, which are geared towards systemic defense of 
destructive insects like corn borer, rootworm, and earworm (Mannion and Morse 2012).  
By 2010, Bt corn varieties accounted for sixty-three percent of all corn acres in the U.S., 
just thirteen years after its initial commercial introduction in 1997 (Fernandez-Cornejo 
and Wechsler 2012).            
The introduction and widespread use of GM crops has indeed accounted for yield 
increases; however, this effect has been indirect and is largely due to reductions in crop 
stress pressures such as weed competition and insect damage, allowing for an 
optimization of crop performance.  Producers using standard non-GM crops have also 
benefited from the “Halo Effect,” i.e., an overall reduction in viable pest and weed 
populations from a lack of suitable agricultural habitat associated with the close spatial 
presence of other producer’s resistant GM crops.  This situation parallels success of 
human disease vaccination campaigns (Mannion and Morse 2012).   
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Many other improvements driven both by technological developments and 
continued classical breeding efforts have acted to improve on-farm efficiency and further 
elevate crop yields.  Extensive modern-day breeding programs, which are widely 
distributed, offer specific varieties regionally adapted to local conditions, along with a 
hastened turnaround time from breeding program development to commercial availability 
have become more common.  Such developments ensure up to date genetic performance 
for variable and changing environmental conditions.  For example, within the U.S. Corn 
Belt, a typical turnaround time for a new corn hybrid is about six years with most new 
varieties only remaining in commercial use for three to four years before replacement, a 
practice in-part driven by the highly competitive U.S. seed market (Atlin, Cairns, and Das 
2017).  Other newly developing advances such as geo-spatial information technology and 
global positioning systems (GPS), form the backbone of precision agriculture, which 
further reinforces efficiency of production.  
2.4 Land Use and Influences on Climate   
It has long been recognized that weather and climate processes can have a 
profound impact on terrestrial ecosystems through variations in incoming solar radiation, 
temperature, and precipitation (Prentice et al. 1992).  Recently, this topic has gained 
further attention with growing concerns over the potential influences of climate change 
(Jentsch and Beierkuhnlein 2008; Seddon et al. 2016).  While climatic factors indeed play 
a significant role in both biological and physical earth processes, an often-overlooked 
question remains.  What potential effects do altered ecosystems have on weather and 
climate processes?  These effects can occur through biophysical (water, energy, leaf area 
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index, stomatal conductance, albedo) and biogeochemical (atmospheric composition) 
surface fluxes which can have far reaching global effects on circulation and 
thermodynamics (Foley et al. 2003; Mahmood et al. 2014).  These surface fluxes 
operating on a short-term (biophysical) and long term (biogeochemical) scale, also have a 
significant impact on weather and climate processes (Pielke et al. 1998).   
Anthropogenic land use, often for agriculture and/or settlement, comprises one 
such example of large-scale ecosystem alteration.  In North America, large scale 
agricultural settlement and land use began relatively recently, around 1700, resulting in a 
large transformation on the East Coast by 1825, followed by a quickened pace of 
westward expansion, with land use transformation reaching a stabilized rate by 1930 
(Ramankutty and Foley 1999). 
Increasing trends in anthropogenic land usage can have important climate 
implications (Bonan 1997; Pielke et al. 1998; Kalnay and Cai 2003; Mahmood et al. 
2014), which act on a regional and local scale (Bounoua et al. 2002; McPherson, 
Stensrud, and Crawford 2004; Feddema et al. 2005).  These effects occur largely through 
a modification of the surface energy balance (Equation 2.1), which accounts for the fate 
of net absorbed solar radiation (Q*), derived largely from incoming solar radiation (K↓).   
 Q* = QE + QH + QG   Eq. 2.1 
This Q* is ultimately channeled into three major energy fluxes, namely longwave 
thermal energy in the form of latent heat (QE), sensible heat (QH), and ground heat or 
ground conduction (QG).  These three variables are flux values representing possible 
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partitions for net absorbed solar radiation (Q*), with the magnitude and direction 
determined by atmospheric and land cover conditions.  The order of flux variables in the 
energy balance equation (Equation 2.1) indicates their order of preferred partitioning, 
given specific environmental conditions.  For example, after a rainfall on a warm summer 
day, Q* loads will be largely transferred into QE to be later released during condensation 
in the upper atmosphere where energy loads are lower.  Subsequently, as the surface dries 
and water is no longer available for evaporation, Q* becomes disproportionally 
transferred into QH which directly causes near surface air temperatures to rise and 
promotes convectional uplift of surface air parcels.  As the surface continues to warm 
some degree of heat will also be transferred downward into the soil through conductive 
processes (QG), although this flux value is much less significant than QE and QH.  
Considering the insignificance of QG in boundary layer energy dynamics, QE and QH can 
be represented by the Bowen Ratio (Equation 2.2), which provides a quantification of the 
partitioning between QE and QH (Oke 1978). 
 β = QH/QE  Eq. 2.2 
Therefore, a Bowen’s ratio of < 1 indicates a higher partitioning to latent heat which does 
not directly contribute to any surface warming but provides a source of increased lower 
atmospheric humidity (Oke 1978). 
Other factors also play an important role in determining land use/cover effects on 
boundary layer climate by directly altering energy available at the surface including 
albedo and surface roughness (Foley et al. 2003).  Any change in albedo will affect 
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energy available at the surface, alter the energy balance, and will have important effects 
on the resulting climate.  Surfaces with a low albedo are capable of absorbing higher 
levels of incoming solar radiation, thus increasing available solar energy which is either 
partitioned into latent or sensible heat depending on surface qualities (non-vegetated vs. 
vegetated) and moisture availability (Feddema et al. 2005).  Surface roughness or the 
roughness layer represents a disturbed air flow effect, resulting from the physical 
presence of objects on the surface (cropland, forest, buildings).  This region typically 
extends one to three times the height of ground objects (Oke 1978), and affects the rate of 
convective heat transfer into the upper boundary layer.  A reduction in surface roughness 
results in reduced sensible and latent heat fluxes and can increase ground heat 
conductance, whereas an increase in roughness can allow for faster latent and sensible 
heat flux movement (Wang and Wang 2015). 
These land use effects on boundary layer climate can be summarized by Equations 2.3 
and 2.4, which show the net radiative fluxes of the energy balance and the water balance, 
respectively (Pielke 2001).  Newly introduced variables of QS represent solar insolation, 
A is albedo, QLW↓ and QLW↑ is down welling and up welling longwave radiation, P is 
precipitation, E is physical evaporation, T is biological transpiration, RO is run-off, and I 
is infiltration.  
 Q* = Qs (1-A) + QLW↓ - QLW↑ = QE + QH + QG   Eq. 2.3 
 P = E + T + RO + I       Eq. 2.4 
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It is important to realize that these equations are not independent of one another, 
but rather a change in one variable will have an effect on the others with the exception of 
incoming solar radiation which remains relatively constant (Pielke 2001), effected only 
by cloud cover or atmospheric scattering.  For example, if run-off (RO) and infiltration 
(I) are reduced, more water will be available for evapotranspiration, although common 
field tile drains will accentuate run-off from heavy precipitation events.  Considering a 
typical agricultural landscape dominated by vegetation, the majority of 
evapotranspiration contributions come from transpiration (T) (Schlesinger and Jasechko 
2014), causing a shift within the energy balance resulting in a higher partitioning of latent 
heat (QE) with a reduction of both sensible heat (QH) and ground heat conductance (QG).  
Equations 2.3 and 2.4 can therefore be combined and re-written for a vegetated 
environment to (Equation 2.5): 
 QE = T = P - (RO + I)   Eq. 2.5 
Calculation of evapotranspiration may be carried out directly through gas 
exchange measurements or using a lysimeter, both methods require expensive equipment 
and multi-variant calculations.  It is more common and often more convenient to use an 
indirect method which relies upon common meteorological data such as the Blaney-
Criddle model which utilizes a crop specific co-efficient (K) and a consumptive use 
factor which accounts for average monthly temperature (t), and hours of monthly sunlight 
(p) (Equation 2.6). 
 𝐸𝑇 = 𝐾 (
𝑡𝑝
100
)   Eq. 2.6 
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The crop coefficient is calculated from the difference in reference evapotranspiration 
(open pan evaporation) to the actual transpiration of a specific crop and is also dependent 
upon local climate, which can limit universal applications (Guerra, Ventura, and Snyder 
2016). 
Many modeling studies have addressed potential climate impacts stemming from 
changes in human land use.  These studies show an overall cooling pattern associated 
with temperate latitude agricultural regions from changes in surface moisture and 
increased energy balance partitioning into latent heat (Bounoua et al. 2002; Feddema et 
al. 2005; Diffenbaugh 2009).  Moreover, temperate latitudes also show increased winter 
and spring cooling resulting from higher snowpack albedo (Betts 2001).  There is also an 
indication that more drastic changes will occur in tropical areas with deforestation effects 
and an expected increase in C4 vegetation, which completes normal carbon assimilation 
with greater water use efficiency, therefore reducing transpiration and increasing 
partitioning to sensible heat (Betts 2001; Defries, Bounoua, and Collatz 2002).  It has 
been recognized that interactions between vegetation and the atmosphere are complex 
which severely limits the ability of models to accurately predict these interactions 
(Angelini et al. 2011).        
Fewer direct observational studies exist addressing land use impacts on climate, 
with most papers focusing on a specific climate factor, such as moisture interactions 
between the surface and atmospheric boundary layer.  Considering rural regions dominate 
the Midwest landscape, ample soil moisture conditions are especially important when 
considering possible atmospheric climatic influence (Frye and Mote 2010).  These 
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conditions often do not have a direct effect on local precipitation because precipitation 
source and sinks often located hundreds of miles apart, transported by air mass advection 
processes (Brubaker, Entekhabi, and Eagleson 1993).  However, increased lower 
atmospheric moisture supported by soil moisture sources impacts air temperature and 
daily temperature range through an increased regional greenhouse effect and general 
overall cloud cover (Trenberth 2004; Angelini et al. 2011) 
Urban land use also imparts well recognized climate influence, although these 
effects are considerably more localized, often only effecting the urban center and small 
regions downwind (Mahmood et al. 2014).  Potential climate impacts are a result of the 
built-up city structure which acts as a heat source, increases surface roughness from 
buildings, and provision of impermeable surfaces, which alters the surface water and 
energy balance.  Heat formation, also known as the urban heat island, is the combined 
result of higher energy balance partitioning into sensible heating from a lack of vegetated 
surfaces, decreased surface albedo, and anthropogenic heat sources (exhaust, heating, and 
cooling waste), which causes increased convective uplift and can lead to increased 
thunderstorm development (Bornstein and Lin 2000; Dixon and Mote 2003).  Surface 
roughness affects mixing abilities, delaying dispersion of heat, aerosols, and other 
pollutants into the upper boundary layer (Arnfield 2003).  The water balance is affected 
by both the lack of vegetation and plentiful surface impermeability which reduces 
potential water storage, evapotranspiration, and leads to increased run-off (Grimmond 
and Oke 1986). 
27 
 
These studies, among others, show that land use factors indeed play a significant 
role in the resulting local/regional climate.  The relationship between land use and 
climate is dynamic with each exerting potential influence among one another.  It is a 
likely assertion that over the long term (millennia) climate and global circulation patterns 
play a larger role in land use determination, while over the short term (decades) 
anthropogenic land use may play a major role in modifying climate at the local/regional 
scale.  The largest portion of anthropogenic land use is agriculture (McPherson and 
Stensrud 2005), which often requires: (1) drastic land use change from existing native 
vegetation; and (2) large expanses of acreage to support growing market and economical 
demands.  Globally around 36 percent of the terrestrial non-glaciated earth is used for 
managed cropland or pasture (Desjardins, Sivakumar, and de Kimpe 2007).  It is likely 
that within these regions dominated by vegetation or agriculture that soil moisture and 
vegetative/crop transpiration plays a significant role in potential atmospheric influence, 
especially when extremal airmass influences are at a minimum or when the regional 
landscape can arrest the temperature and/or moisture characteristics with an advected 
external air mass.      
2.5 Agricultural Land Use and Climate Effects  
Agricultural land use represents a system in which surface-atmosphere 
interactions take place primarily through vegetation.  Many present day agricultural 
regions were historically dominated by natural vegetation which adapted to local 
conditions over many thousands of years.  These historic vegetation-atmosphere 
interactions were not hastened by human progress, but possessed the requisite time scales 
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for mutual adaption to one another.  The influence of anthropogenic agricultural land use, 
on the other hand, represents an abrupt transition in land surface properties with 
technological advances allowing for extensive spatial expansion.    
Conversion from natural pre-settlement vegetation often results in overall cooling 
with an increase in surface albedo from short, homogeneous crops (Bounoua et al. 2002), 
and an energy balance dominated by latent heat which has a direct impact on humidity 
(Raddatz 2007).  This cooling effect is strengthened by upper atmosphere reflectance 
(K↑) from increased cloud formation (Trenberth 2004), with clouds over agricultural 
regions forming earlier and persisting longer than with other conjoining land use types or 
border areas (Adegoke, Pielke Sr, and Carleton 2007).  This parallels findings of Yuan 
and Michell (2014) with later growing season (September-October) temperatures clearly 
reflecting higher cloud cover, although cloud cover data was not available for this study 
(Yuan and Mitchell 2014).       
Increased partitioning into latent heat through the evapotranspiration of water is 
responsible for a reduction in overall surface heating.  Within highly vegetated systems 
the bulk of evapotranspiration finds its source from biological transpiration, at a 
minimum, accounting for two thirds of overall land-atmosphere moisture flux (Jasechko 
et al. 2013; Schlesinger and Jasechko 2014), although this contribution can be much 
greater depending on moisture availability and vegetation types.  The degree and 
direction of this flux partitioning relates to soil moisture availability, dominate wind 
patterns, and incoming solar radiation loads.  This effect is often more pronounced over 
agricultural cropland, thus leading to reduced diurnal cooling and a suppression of daily 
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temperature range (DTR) (Bonan 2001; Lobell, Bala, and Duffy 2006; McPherson, 
Stensrud, and Crawford 2004; McPherson and Stensrud 2005; Yuan and Mitchell 2014).   
Increases in nocturnal minimum temperatures (Yuan and Mitchell 2014), also fits 
with a pattern of enhanced greenhouse warming by water vapor within the boundary 
layer, albeit increased cloud cover aloft (a form of water vapor) also factors into this 
trend (Dai and Trenberth 1999; Karl et al. 1993).  In either case, nocturnal radiative 
losses are minimized.  This overall trend of increased latent heat partitioning occurs over 
many other parts of the U.S. experiencing increased atmospheric moisture (Dai and 
Trenberth 1999; Kalnay and Cai 2003), with the agriculturally intensive Midwest being 
no exception (Bonan 1997; Bounoua et al. 2002; Diffenbaugh 2009).  An increase in 
latent heat flux can have a significant impact on atmospheric energy sources which can 
act to fuel convection and precipitation events and has a direct effect on surface humidity 
and dew point temperatures (Tsvetsinskaya, Mearns, and Easterling 2001; Raddatz 2007).  
Increases in atmospheric water vapor can have other important climate implications since 
water vapor is the most potent/dominate greenhouse gas (Held and Soden 2000; Cess 
2005), which absorbs infrared radiation over a much broader range than CO2 and 
represents a strongly positive feedback mechanism (Seinfeld 2011).  
These climatic effects are most pronounced during the summer growing season in 
agriculturally rich regions such as California’s Central Valley, the Great Plains Wheat 
Belt, and the Midwest Corn Belt.  Of these regions, the Midwest Corn (and soy) Belt is 
located within a zone of typically ample soil moisture because of summertime 
precipitation events associated with frontal systems and/or convective uplift.  The region 
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has been the focus of extensive agricultural improvement beginning with early advances 
during the Green Revolution such as the selection of locally adapted hybrids, university 
extension services, and technological advancements in mechanization.  When combined 
with more modern developments such as increased planting populations, GMO 
technology, nutrient management, and data processing, overall production and yields 
have increased markedly.  Midwestern agricultural expansion and subsequent 
intensification of corn and soybean crops has resulted in a likely anthropogenic increase 
in regional and local dew point temperatures as a direct result of crop transpiration.   
2.6 Midwest Airmass and Dewpoint Climatology  
The general pattern of humidity throughout the U.S. has been established as 
seasonally dependent upon the dominance of a particular air mass (Dodd and Dodd 1965; 
Robinson 1998; Gaffen and Ross 1999).  For example, a decreasing gradient is produced 
from the warm, sub-tropical Gulf Coast to the intermountain region.  This warm, humid 
maritime tropical (mT) air source influences areas east of the Rockies by advection from 
the low-level jet and is most pronounced during summer (Figure 2.4) with a more defined 
and spatially limited gradient in winter (Figure 2.5).   
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Figure 2.5 General pattern of humidity over the contiguous U.S. in winter (Dodd and Dodd 1965).   
Figure 2.4 General pattern of humidity over the contiguous U.S. in summer (Dodd and Dodd 1965).   
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Meanwhile, regions west of the Rockies are influenced by modified maritime 
polar (mP) or maritime tropical (mT) air masses originating over the Pacific Ocean, that 
occasionally transit into the U.S. Midwest.  Finally, continental polar (cP) air masses 
originating in Central Canada which are characteristically dry, cold and stable in winter, 
yet warm, modestly humid and neutral in summer completes the list of potential air 
masses entering the region east of the Rockies.  The U.S. Midwest is typically a battle 
ground between air masses originating in these source regions (Hart and Ziegler 2008).  
Among climatic factors influenced by human land use is a modification of lower 
atmospheric surface moisture resulting in elevated humidity.  Surface humidity is directly 
related to the physical amount of water vapor in the atmosphere, therefore readily 
available dew point temperature (air temperature at which saturation occurs) provides a 
convenient proxy measure of atmospheric boundary layer moisture (Sandstrom, 
Lauritsen, and Changnon 2004).  In addition, dew point relates to human comfort, 
especially when combined with ambient air temperature (Brown and DeGaetano 2013). 
The overall pattern of surface humidity within the U.S. is supported by the 
general air mass climatology with elevated dew point temperatures characteristic of 
advected mT air.  During the summer, growing season dew points are greatest within the 
immediate mT source region with a diminishing gradient extending northward (Figure 
2.6).   
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Regions from the Rockies extending to the Pacific coast are characteristically 
moderated due to a lack of available surface moisture and cool, coastal conditions 
influenced by dominate offshore winds.  For example, sea surface temperatures off the 
California or Oregon Coasts average 58°F in summer, a sharp contrast to the 78°F 
reading in the Gulf of Mexico (NOAA 2017c).  During winter months, overall dew points 
are less significant with lower temperatures unsupportive of considerable moisture 
holding capacities.  
Figure 2.6 Average reported dewpoint temperatures in the contiguous U.S. during summer 2016 (NOAA 2017a). 
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Through the work of several dew point climatologies which examine temporal 
trends, there has been a significant increase identified (Knappenberger, Michaels, and 
Schwartzman 1996; Schwartzman, Michaels, and Knappenberger 1998; Gaffen and Ross 
1999; Brown and DeGaetano 2013).  Several other dew point climatologies have focused 
on the occurrence of extreme dew point events fitting specific parameters, often dew 
point temperatures ≥ 21-22°C (70-72°F) over a period of several days (Sparks, 
Changnon, and Starke 2002; Sandstrom, Lauritsen, and Changnon 2004; Changnon, 
Sandstrom, and Bentley 2006), while others have focused on dew point trends during 
heat wave events (Kunkel and Changnon 1996; Changnon, Sandstrom, and Schaffer 
2003; Vanos, Kalkstein, and Sanford 2015).  These studies also show an increase in 
overall occurrence of extreme dew point events in the latter portion of the study periods, 
which generally occur post 1980.  Finally, Yuan and Mitchell (2014) found that rural 
Minnesota experienced significant changes in precipitation and nocturnal minimum 
temperatures which indicated an increase in water vapor in the earth-atmosphere system 
(Yuan and Mitchell 2014).   
Within this collection of climatologies and among others there is speculation of 
influence from agricultural land use on increasing surface moisture and dew point trends 
(Kunkel and Changnon 1996; Bentley and Stallins 2008; Brown and DeGaetano 2013; 
Yuan and Mitchell 2014), with only three observational studies directly addressing this 
possible contribution from non-irrigated agriculture (Changnon, Sandstrom, and Schaffer 
2003; McPherson, Stensrud, and Crawford 2004; Sandstrom, Lauritsen, and Changnon 
2004).  These studies all focus on historical dew point data sets and include studies on 
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winter wheat for a portion of Oklahoma (McPherson, Stensrud, and Crawford 2004), 
periods of high heat in the Chicago metro (Changnon, Sandstrom, and Schaffer 2003), 
and extreme events in the Central U.S. (Sandstrom, Lauritsen, and Changnon 2004), 
making clear the need for expanded studies focusing on the entire Midwest, defined by 
the Corn/Soybean Belt where water balance surpluses generally occur during most of the 
growing season.  There is also evidence that elevated dew point temperatures observed 
within the Midwestern region are not being significantly influenced due to strengthened 
maritime tropical air mass incursions and are likely due to a more localized, regional 
source (Kunkel and Changnon 1996; Sandstrom, Lauritsen, and Changnon 2004; Bentley 
and Stallins 2008; Brown and DeGaetano 2013).  
Enhanced local and reginal dew point temperatures can have a variety of negative 
impacts including effects on human health and comfort (Gaffen and Ross 1998; Davis et 
al. 2003; Schwartz, Samet, and Patz 2004; Gao et al. 2014), livestock welfare (Bishop-
Williams et al. 2015; Wegner et al. 2016), reduction in evaporative cooling system (AC) 
efficiency and performance (Sparks, Changnon, and Starke 2002; Changnon, Sandstrom, 
and Bentley 2006), and an increase in conditions favorable for development of crop and 
plant disease (Granke and Hausbeck 2010; Clarkson et al. 2014; Xin et al. 2016).   
2.7 Corn and Soybean Stomatal Physiology and Environmental 
Response  
Plants have evolved various mechanisms to deal with moisture deficits and arid 
environments, most notably is the formation of a waxy cuticle which composes the 
epidermal layer of most leaves.  Since plant biochemical processes utilize CO2 and O2, 
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they must still be able to perform some degree of gas exchange.  The ultimate pathway 
for this gas exchange and transpired water vapor out of plant tissue is through pore-like 
openings located on leaves, referred to as stomata.  Stomatal location (adaxial vs. abaxial) 
and distribution (scattered vs. uniform) varies with a particular plant species.  The 
mechanical functioning is controlled by closely associated guard cells which have a direct 
control on stomata aperture.  This is accomplished, in simple terms, by the guard cells 
ability to respond to different environmental conditions, swelling and opening during 
periods of ample moisture associated with high turgor pressure.  Likewise, during periods 
of water stress, these guard cells contract and close stomata in an effort to conserve 
dwindling water supplies, to prevent desiccation and permanent wilting point, ultimately 
resulting in plant death.  Stomata serve as the connection between the plant and 
atmosphere, critical for the diffusion of CO2 into actively photosynthesizing organelles.   
There also exists a tradeoff between CO2 diffusion and water loss to the 
atmosphere when stomata are open.  This loss of water vapor is largely driven by both 
soil moisture availability and the atmospheric vapor pressure deficit.  The former being 
controlled by precipitation patterns, soil types, and characteristics of vegetative cover.  
The latter being controlled by pressure gradients from the surface to upper atmosphere, 
temperature, and boundary layer humidity (Bunce 1997; McAdam and Brodribb 2015).   
2.7.1 Carbon Fixation of the C3 and C4 pathways and Response to Ambient CO2 
Corn and soybean stomatal anatomy and physiology have distinct differences.  
While both corn and soybeans belong to the taxonomic group of angiosperms (flowering 
plants), corn belongs to the monocot class, Liliopsida, while soybeans belong to the dicot 
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class, Magnoliopsida.  The corn plant has stomatal openings evenly distributed on both 
sides of the leaf and contains the novel C4 carbon fixing pathway.  Soybean stomatal 
distribution is skewed such that abaxial (lower) leaf surfaces contain a higher frequency 
of stomata, with carbon fixation carried out through the more common C3 (Calvin Cycle) 
pathway.  The spatial and biochemical differences between these pathways affect 
photosynthetic efficiency and overall stomatal response.   
The ancient C3 pathway utilized by soybeans likely first evolved from the 
Cyanobacteria during a geologic time consisting of relatively high atmospheric CO2 and 
low O2 (Shih 2013).  The pathway is also very common with 85-90 percent off all plant 
species exclusively utilizing this cycle (Gerhart and Ward 2010).  Under these past 
atmospheric conditions of high CO2 and low O2, the C3 pathway performed very 
efficiently at carbon fixation, however in response to the decreasing CO2 and increasing 
O2 during the onset of the Cretaceous this efficiency was greatly reduced (Ehleringer et 
al. 1991; Beerling 2005).  The problem arises with the primary catalyzing enzyme 
rubisco carboxylase/oxygenase.  It is important to consider that rubisco is not very 
selective in the C3 cycle and will just as readily bind atmospheric O2 instead of CO2.  The 
enzyme acts as both a carboxylase (carbon fixing) and an oxygenase (oxygen fixing).  
When O2 is present along with CO2 there is a considerable reduction in photosynthetic 
efficiency as some of the intermediates produced in the C3 cycle are removed when 
rubisco fixes O2 instead of CO2.   
This problem is compounded by basic leaf morphology and an environment of hot 
and dry conditions (plants preform gas exchange by diffusion through stomatal pores 
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which are physiologically controlled in response to variable environmental conditions).  
During hot/arid conditions or a reduction in water availability, plants typically close 
stomata to conserve water loss to the atmosphere through transpiration.  Although this 
conserves water it also confines what atmospheric gases are present within intracellular 
spaces.  As stomata are closed and available CO2 (and O2) are used up in the carbon 
fixation reactions, oxygen is also produced as a photosynthetic byproduct.  Consequently, 
additional O2 becomes available for rubisco to fix resulting in photorespiration (rubisco 
acts as an oxygenase) and carbon fixation efficiency dramatically decreases.  Some 
estimates indicate that C3 efficiency dropped by as much as 60-80 percent during 
atmospheric increases of O2, placing great physiological stress on this group of plants and 
likely contributed to forcing the evolution of the novel C4 pathway (Beerling 2005).        
The C4 pathway present in corn has been shown to have independently arisen 
around sixty-six times in response to these conditions through evolutionary processes 
(Sage, Sage, and Kocacinar 2012).  The C4 pathway is able to perform with higher 
efficiency than the more common C3 pathway under conditions of high heat stress, 
especially in environments with high solar insolation (K↓) (Still et al. 2003).  Although 
only 2-3 percent of all higher plants possess the C4 pathway its ecological importance is 
profound accounting for 20-30 percent of all global primary productivity (Ehleringer 
2005).  It is important to realize that the C4 pathways do not replace the C3 pathway or 
Calvin Cycle.  C4 plants still contain and utilize the C3 pathway for carbon fixation, 
however the difference comes from the appearance of a new carbon fixing pathway (C4) 
and a spatial separation between the new C4 and the existing C3.  
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Significant anatomical difference exists in the leaves of C4 plants (Kranz 
anatomy), which allows them to concentrate CO2 into deeper cells, which are not exposed 
to atmospheric O2.  The C4 pathway is located within cells near the leaf surface 
(mesophyll cells), that are near the stomatal openings.  These cells are exposed to normal 
atmospheric air consisting of both CO2 and O2 (Hopkins and Huner 2004).  In the C4 
pathway, CO2 is first fixed by a different enzyme known as phosphoenolpyruvate 
carboxylase or PEPc.  This enzyme has an incredible selective affinity for CO2 and unlike 
rubisco in the C3 cycle it will only fix CO2 even in environments which contain 
considerable O2.  The first carbon compound produced is a 4-carbon acid molecule 
known as oxaloacetate.  After the production of oxaloacetate from atmospheric CO2 and 
PEPc, there is another conversation to 4-carbon malate, which is subsequently transferred 
from the exterior mesophyll cells into bundle sheath cells located deeper in the leaf.  
Surprisingly, once malate is in the bundle sheath cells it is converted back into CO2 and 
then enters the C3 pathway producing the same products as C3 exclusive plants (Hopkins 
and Huner 2004).  
Consequently, the C3 cycle is now located in an environment with very little or 
no O2 present.  This situation greatly increases photosynthetic efficiency at higher 
temperatures as restrictive photorespiration will no longer occur.  The C4 system 
effectiveness at moving CO2 into the bundle sheath cells containing the C3 cycle results 
in CO2 concentrations 10-60 times higher than in the mesophyll cells of a C3 excusive 
plant (Eldra P. Solomon 2005).  Thus, allowing higher photosynthetic efficiency with 
restricted stomatal apertures resulting from moisture deficits and water stress.  Increasing 
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atmospheric CO2 reduces stomatal conductance and leads to lower rates of transpiration 
and overall reduced water use for both C3 and C4 vegetation (Field, Jackson, and 
Mooney 1995).    
2.7.2 Response to Water Status and Light 
Plant water status and light levels are of significant importance to stomatal 
response.  Stomatal action represents a feedback mechanism which is directly related to 
water loss and active photosynthesis.  This process is also a “trade-off”, as plants diffuse 
CO2 to intercellular spaces for carbon fixation reactions, water vapor diffuses out of these 
same spaces into the ambient atmosphere.  Stomatal response to reduced plant water 
potentials is not as dramatic as restrictions imposed on photosynthetic rate, as other non-
stomatal factors seem to carry a greater weight (Zhou et al. 2013).  Nonetheless, plant 
water status and soil moisture availability play a critical role in determining overall 
conductance potential.  The diffusion of water vapor out of stomatal pores is also greater 
than CO2 at similar conductance values due to the greater concentration gradient between 
intercellular (H2O saturated) values and that of the atmosphere (Hetherington and 
Woodward 2003; McAusland et al. 2016).  Ambient humidity is another important water 
variable that: (1) plays a role in overall atmospheric demand or vapor pressure deficit 
(VPD), and (2) impacts the transpiration rate by reducing conductance associated with 
low humidity or higher VPD (Lange et al. 1971; Bunce 1997).   
Stomatal response to light or variable levels of irradiance provides the most often 
characterized stomatal environmental response which occurs in almost all plant species.  
The physiological mechanism of stomatal opening relates to the accumulation of 
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potassium ions and sugars in the flanking guard cells (increasing turgor pressure), which 
is largely driven by light activated signals (Shimazaki et al. 2007).  There is a degree of 
variability in stomatal action with light activated opening occurring much slower as 
opposed to shade induced closing.  These response rates can also be hastened by a 
reduction in overall plant water status (Jones 2014).  The regulation of the stomatal 
aperture is likely a result of multiple signaling pathways (Hetherington and Woodward 
2003), with the strongest environmental influences being irradiance levels, water status, 
humidity or VPD, and ambient CO2 availability. 
It should also be noted that stomatal response to environmental changes and 
recovery to a post response state occur at different rates.  Initial response to changes in 
light, water availability, and humidity occur rapidly, often within seconds, while 
subsequent recovery is much longer, often on the order of hours, regarding changes in 
light or humidity, and days regarding changes in water availability. 
2.8 Conclusion 
Agricultural land use remains a valid explanation for this apparent source of 
regional moisture.  Overall, more water is available in the earth-atmosphere system 
indicating an intensified hydrologic cycle (Ross and Elliott 1996; Ross and Elliott 2001; 
Elliott and Angell 1997; Willett et al. 2007).  This can act to supplement soil moisture 
through additional precipitation, which has been found to be occurring within the 
Midwest (Hest 2014; Yuan and Mitchell 2014).  These findings support the assertion that 
more water vapor exists within the earth/atmosphere system, with much of this potential 
contribution directly from plant transpiration, as this biological source typically accounts 
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for 60-80 percent of total evapotranspiration (Jasechko et al. 2013; Schlesinger and 
Jasechko 2014).  Other agricultural practices can also have a potential positive impact on 
surface moisture include: (1) modern hybrid selection geared towards drought tolerance, 
which can prove more effective at extracting soil moisture at greater depths and (2) the 
steady increase in plant populations per acre in all parts of the Midwest driven by higher 
yield potentials and genetic improvements (Widdicombe and Thelen 2002; Cox and 
Cherney 2011; Hao et al. 2015) 
A clear need remains for reanalysis of the potential effects of agricultural 
intensification in the Midwest on the modification of regional and local surface moisture 
as expressed by dew points.  Past studies either focused on a localized region or extreme 
event occurrences.  These studies would benefit from extending current data sets into the 
21st century, and extending coverage to a larger region, namely the Midwest Corn and 
Soybean Belt.  Moreover, the inclusion of a region bordering the Gulf Coast offers an 
additional advantage.  Since the region is contiguous to the southern bounds of the 
Midwest, any statistically significant increases in dew point here would indicate a 
stronger advection of maritime tropical (mT) air from its source region. Meanwhile, the 
lack of change in dew point or change in dew points along the peripheral boundary of the 
Midwest, would point to a regional source within the Midwest, assuming increases in 
dew points are widespread.  This study aims to answer this situation.  
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Chapter 3: Data Acquisition and Methodology  
3.1 Introduction 
The data collection and methods for this project were divided into two 
corresponding sections.  Part one consisted of meteorological data collected over a 
historic time series across a large region of the Central and Eastern contiguous U.S. for 
statistical analysis, supplemented by agricultural census data collected from the Midwest 
Corn Belt states to gauge major changes in agricultural land use.  Part two was based on 
field data obtained throughout the 2017 corn/soybean growing season within the far 
northwestern boundary of the rain-fed Corn Belt located in central Nicollet County, 
southern Minnesota.  These field observations were used to construct a model to 
accurately up-scale individual leaf transpiration rates to represent whole canopy flux 
values occurring within typical corn/soybean production fields.  Overall, the survey 
measures sought to provide a quantification of lower atmospheric moisture contributions 
from Midwest agricultural land use while addressing main environmental factors 
influencing changes and driving moisture flux rates.   
3.2 Meteorological and Midwest Agricultural Data Acquisition  
Meteorological data were obtained from 59 weather stations distributed within 
both the primary and secondary study regions (Figure 1.2).  32 stations were located 
within the U.S. Corn Belt, representing the primary study region and 27 stations located 
within the Southeastern U.S. extending south to the Gulf Coast, representing the 
secondary study region.  These selections provided a well distributed coverage of the 
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study regions.  Records were collected over a 61-year study period beginning in 1956 and 
continuing through 2016.  This study period was further partitioned into two separate 
climatic periods consisting of an early (1956-1985) (30 year) and late (1986-2016) (31 
year) period.  This was done to complete statistical change detection and to provide a 
means for detecting any temporal changes occurring across the study regions.        
One key aspect of the present study was a focus on station selections which were 
minimally affected by changes in instrumentation, recording procedures, and/or station 
relocations over the 61-year time series.  Several dew point sensing instrument changes 
have occurred at these stations including a switch from sling psychrometers to lithium 
chloride hygrothermometers in the 1960’s, followed by chilled-mirror 
hygrothermometers in the late 1970’s to mid-1980’s, and finally to the modified chilled-
mirror devices during conversion to the present day Automated Surface Observing 
System (ASOS) during the 1990’s (Sandstrom, Lauritsen, and Changnon 2004).  This 
resulted in selecting only National Weather Service (NWS) First Order Stations (FOS), 
where several studies have confirmed data integrity and consistency at these stations 
through metadata analysis (D. Changnon, personal communication, January 11, 2017) 
(Gaffen and Ross 1999; Robinson 2000; Sandstrom, Lauritsen, and Changnon 2004).  
The primary meteorological data record used to represent boundary layer moisture 
was dew point temperature, which serves as a good proxy for absolute humidity and 
therefore provides a direct quantification of near-surface boundary layer moisture.  Using 
Microsoft Access spreadsheet processing, hourly dew point readings spanning a 24-hour 
period were converted to daily averages, which were subsequently used to calculate an 
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overall annual growing season average.  It was important to consider an entire 24-hour 
period for average calculations due to climate implications for elevated dew points 
occurring both day and night.  Considering the USDA growing season definition of daily 
minimum average surface temperatures above 32°F, a five-month growing season (153 
days) was used as the data collection period for the Midwest Corn Belt states spanning 
May through September (USDA-NRCS 2017b).  Other meteorological data collected 
from these NWS FOS included daily maximum and minimum temperature which has a 
link to near surface atmospheric moisture.  The temperature data were also used to 
calculate an overall annual growing season daily maximum and minimum temperature 
average.  Finally, vapor pressure deficit (VPD) was calculated as an overall annual 
growing season average utilizing daily average temperature and dew point data based off 
Teten’s Formula (Equations 3.1-3.3) (Murray 1966).  Terms within these equations 
represent actual vapor pressure (ea) and saturation vapor pressure (es). 
 
 ea = 6.1078(17.269 * Tdew) / (237.3 + Tdew)    Eq. 3.1 
es = 6.1078(17.269 * Tair) / (237.3 + Tair)    Eq. 3.2 
 VPD = es – ea   Eq. 3.3 
 
VPD is the difference (deficit) between the amount of moisture in the air and how 
much moisture the air can hold when it reaches saturation (temperature dependent).  
46 
 
When air becomes saturated, water will condense out to form dew or clouds.  As the VPD 
increases, plants essentially draw more water from roots.  VPD was calculated to gauge 
any potential changes in atmospheric demand for water occurring over the study period, 
thus influencing typical rates of evapotranspiration by creating a larger gradient between 
the saturated air inside a plant leaf and external ambient atmospheric air.  Typically, VPD 
has a linear relationship to the rate of evapotranspiration.  It should be noted that VPD in 
this study was generated from empirical equations which were created from prior 
observation-based studies and not derived from physical scientific theory.  
Agricultural data were obtained for the selected eight-state U.S. Corn Belt 
through the USDA Census of Agriculture, which is released every four to five years.  
Records were collected for all twelve census years available within the study period 
beginning in 1959 and continuing through 2012.  Several pertinent records were obtained 
at the state and county levels, including: total cropland acreage harvested, corn acreage 
harvested, soybean acreage harvested, corn yield, soybean yield, and calculated yield per 
acre production efficiencies for both corn and soybean.  In Southern Minnesota, where 
the 2017 growing season field-work took place, these data were collected at the county 
level (totaling thirty-four counties) for a more detailed examination of temporal changes 
occurring within the far northwestern boundaries of the rain-fed Corn Belt from the early 
and late portions of the study period.  
3.3 Meteorological and Agricultural Data Analysis  
To ascertain any statistically significant changes occurring in near surface 
humidity within the Eastern half of the contiguous U.S., including the Midwest Corn 
47 
 
Belt, all selected 59 NWS FOS were used for dew point temperature analysis.  These data 
were downloaded from the Midwest Regional Climate Center (MRCC) at University of 
Illinois, Urbana-Champaign, through the online cli-MATE system.  Data management 
and organization was paramount when working with these inherently large datasets as a 
typical station carried around 500,000 hourly dew point readings and 44,000 daily 
minimum/maximum temperature readings for the 61-year study period.  Downloaded as a 
csv file, raw data were stored in Microsoft Excel.  Using Microsoft Access, hourly data 
were processed to calculate daily averages which were then used to derive monthly 
averages and ultimately an annual growing season average for each station spanning the 
61-year study period.  This same procedure was used to obtain and edit daily maximum 
and minimum temperature data.  A total of 55 stations with complete records were used.  
In all cases, data were processed to arrive at an overall growing season average 
for dew point temperature, maximum temperature, and minimum temperature.  These 
data sets were then tested by a Shapiro-Wilk analysis to ascertain normality.  Once 
normality was confirmed, the parametric students t-test was applied to the data in IBM 
SPSS.  These growing season averages were then statistically analyzed over the study 
period time series by applying independent t-tests in IBM SPSS statistical software 
package.  All the dew point and temperature data were used in these analyses including 
calculated VPD, differentiated between an early (1956-1985) and late (1986-2016) study 
period with the null hypothesis that no difference would be found between the two study 
periods.  This was done on a per station bases, applying the t-test to each station’s record 
independently.   
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Stations which were used for dew point data collection were also individually 
analyzed with the change point software package for the open-source R statistics program 
(Killick and Eckley 2014).  Within the change point package, the pruned exact linear time 
(PELT) algorithm was used because it has been optimized for fast computation through 
optimal partitioning and pruning, while maintaining overall accuracy.  The change point 
analysis was applied to the 61-year dataset as one continuous unit, which complemented 
the t-test that examines the time frame from the perspective of the two distinct periods.  
This change point analysis provided a graphical display of the dew point time series data 
indicating specific years of significant change occurring in season-averaged dew point 
temperature, thus allowing improved and more targeted comparison for any changes 
occurring within station observed dew points.  Stations were also combined in the 
Midwest Corn Belt (primary study area) to arrive at overall individual state averages for 
the eight-state region.  These were used in a separate change point analysis to directly 
compare any changes occurring within USDA agricultural statistics data, specifically 
production efficiencies (yield per acre), which may have coincided with any significant 
changes in dew point temperature.  In addition, USDA agricultural data was used as a 
visual comparative analysis tool in the construction of several choropleth images.  The 
use of this data was to aid in the overall understanding of how changes in agricultural 
practices and land use occurring within existing corn and soybean cropland may support 
an increasing trend in regional near surface humidity.  
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3.4 GIS Spatial Analysis of Meteorological Variables 
To improve meteorological data analysis and interpretation across a wide spatial 
region, a geographic information system (GIS) can be a valuable tool for geostatistical 
and visual comparative analysis of these variables.  One useful tool for 
climate/meteorological data analysis is spatial interpolation.  A variety of mathematical 
and statistical functions are used to create a continuous raster surface based on known 
variables at vector-based point locations (Burrough 1986).  Point locations of known 
measured variables may be sparse, evenly distributed, or randomly distributed thought-
out the area of interest/analysis and different interpolation techniques can have distinctive 
advantages over others for these situations (Li and Heap 2014).  The types of variables 
being measured will also have pros and cons associated with various interpolation 
methods.  In all instances, the final interpolated data product provides a continuous raster 
surface which contains data for very cell within the interpolation envelope or the defined 
processing extent. 
Many interpolation techniques exist, and novel methods are continuously being 
developed based on customized or applied research needs.  Interpolation methods most 
commonly used for meteorological/climate data include: inverse distance weighted 
(IDW), splines, and various kriging approaches (Hancock and Hutchinson 2006; Aalto et 
al. 2013; Pereira, Oliva, and Misiune 2016; Tanır Kayıkçı and Zengin Kazancı 2016).  
All of these approaches seek to provide climate data in regions with sparse or non-
existent meteorological networks, areas where more frequent spatial data collection is 
limited, or to define climate parameters between observing station point locations.  Since 
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climate variables such as temperature, humidity, and dew point are continuous across 
space and time, being traditionally recorded at point locations (weather observing 
stations), spatial interpolation techniques can be a valuable tool for extending data 
readings within observing networks across a wide regional surface.  This can be critical 
for agricultural suitability assessments and provides a continuous raster surface required 
for many climatological analysis methods and improved monitoring.  
Of the commonly used interpolation methods, Kriging techniques represent a 
large variety of interpolation methods which are based on geostatistical approaches which 
consider the statistical relationship across all data points (global trend) and among the 
known or measured points.  Since these methods are statistics based, an error estimate 
can be generated, providing an indication of how well the predicted (interpolated) values 
fit the actual data (Samanta et al. 2012).  The prediction method works by calculating the 
spatial autocorrelation within the data which conforms to the principal that nearer things 
are more related than distant things.  Semi-variograms are produced showing the average 
differences between points plotted against distance between these points and a model is 
fit to represent how dramatically changes in the variables are affected by distance 
changes.  In other words, points which are located farther apart likely have a greater 
range in values than points that would be located near one another.  The method not only 
accounts for weighted distance between data points but considers the overall spatial 
arrangements of the points within the larger expanse of the study region which can 
improve interpolation results in data which shows spatial variability.   
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The meteorological data obtained from the 59 NWS FOS was organized in a 
general Microsoft Excel spreadsheet and up-loaded into ArcMap 10.5 as a csv file.  Since 
data management and storage is important in any GIS study a file geodatabase was 
created and used to store and query all data as a flat file geo-relational data model.  A 
base map of the U.S. showing state boundaries provided an accurate representation of the 
entire study region; downloaded from the U.S. Census Bureau within the on-line TIGER 
GIS database (Cencus-Bureau 2017).  This map was uploaded to ArcMap as a shapefile 
and was subsequently converted to a new map layer before being imported to the file 
geodatabase as a feature class.  Spatial data contained on the csv file consisted of decimal 
degrees representing each station’s latitude and longitude using the 1983 geographic 
coordinate system (GCS) with WGS 84 Datum.  When importing the table, the WGS 84 
Datum was changed to NAD 83 in order to match the U.S. base map.  The table was then 
used to display (x, y) points prior to being converted to a new layer and geodatabase 
storage.  Since the base map consisted of the entire U.S. a clip tool was used to select 
only the area of interest while masking out features beyond the clip boundary.       
A series of interpolated raster maps were created from two 30-year datasets of 
annual growing season averaged dew point temperatures using basic ordinary kriging.  
This was also done for both maximum and minimum 30-year growing season averaged 
temperature datasets and for vapor pressure deficit calculated from the temperature and 
dew point data.  The final analysis involved creating an image difference comparison 
between the early and late 30-year climate periods for all meteorological variables.  This 
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was completed using a raster calculator and simply subtracting the late period rasters 
from the early period rasters.   
3.5 Corn and Soybean Flux Survey Data Collection and Model 
Variables  
To obtain a better understanding of potentially significant moisture contributions 
directly from corn and soybean agriculture a multi-variable model has been created based 
off several key factors affecting overall plant transpiration and stomatal conductance 
rates.  This work also sought to gauge the importance of these factors in influencing 
actual transpiration rates to provide a more accurate quantification of moisture 
contributions from the leaf level, scaled up to a per acre estimate or whole canopy scale.  
In addition, a total regional flux estimate was calculated for the entire eight state Corn 
Belt based off total 2017 acreage of corn and soybeans.  Measured variables included: 
field capacity, soil moisture, per acre plant population, and leaf-stem/petiole angle.  
Measured meteorological variables included: air temperature, dew point temperature, 
relative humidity, atmospheric pressure, percent sky cover, wind speed, and direction.  
Calculated variables included: plant leaf area, leaf area index (LAI), solar angle, vapor 
pressure deficit (VPD), fraction of sunlit and shaded leaves, stomatal conductance, 
photosynthetic rate, and transpiration rate. 
During the 2017 growing season a series of survey measures were taken with the 
Li-6400 infrared gas analyzer (IRGA), Theta soil moisture probe, and HH-2 moisture 
meter in conjunction with several meteorological variables collected from the nearest 
municipal airport (New Ulm, MN KULM) at time of survey measures.  These survey 
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measures were completed every 7-10 days or as clear weather allowed.  The goal of the 
field work was to create a multi-variable mechanistic model which sought to quantify 
plant transpiration rates to gauge corn and soybean crop contributions to atmospheric 
boundary layer humidity.   
Since one of the more important variables in determining potential transpiritive 
flux rates is soil moisture availability, current volumetric soil moisture was recorded each 
measurement day to insure crops were not under water stress, thus reducing potential 
moisture contributions through decreased stomatal conductance. 
3.5.1 Flux Rate Measurements 
Calculated values of photosynthetic rate, stomatal conductance, and transpiration 
were carried out with the Li-6400 Infrared Gas Analyzer (IRGA) from Li-Core 
Biosciences (Lincoln, NE) (Figure 3.1).  The Li-6400 is an open exchange instrument 
which utilizes sensitive gas analyzers capable of parts per million (ppm) resolution 
needed for accurate plant gas exchange measurements.  Actively growing leaf material is 
lightly clamped within a neoprene sealed chamber with a transparent top.  The instrument 
monitors active air exchange, allowing for photosynthesis and conductance to continue 
while being measured in real time by the analyzers (Figure 3.2).  In an open system, such 
as the Li-6400, air within the leaf sample chamber is replaced at a steady rate which 
allows quantification of CO2 and water vapor based of the calculated difference in gas 
concentration in the outgoing and incoming air streams.  The instrument also allows for 
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manipulation of the incoming air stream to gauge responses to variable CO2 and water 
vapor concentrations.  
Since the main goal of this portion of the study was to quantify actual plant 
transpiration rates based off near-ambient conditions, the Li-6400 was configured to 
supply chamber air with ambient humidity levels, which were achieved through a 
complete by-pass of the Drierite® desiccant chemical scrub tube.  In the event of 
excessively humid days, which triggered high humidity alerts on the IRGA, slight 
scrubbing of water vapor was applied to reach acceptable humidity levels, which 
remained near ambient.  Considering the IRGA’s high sensitivity to CO2, errors 
Figure 3.1 The Li-6400 from Li-Core Biosciences, photo taken by author during early season flux measurements 
(6/15/2017). 
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associated with animal respiration (field work requires one to still breath) were 
eliminated by scrubbing all incoming air of CO2 through the soda lime chemical tube.  
This CO2 free air was then resupplied with CO2 at the observed ambient on-site 
concentration of 400 ppm utilizing the inline CO2 mixer and external CO2 cartridge 
assembly. 
 
Figure 3.2 Flux readings being taken with the Li-6400 on a shaded corn leaf, 
photo taken during late season measurements (9/4/2017). 
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3.5.2 Field Capacity, Permanent Wilting Point, and Available Soil Moisture 
Early in the growing season, prior to cultivation and planting, a series of soil core 
samples were obtained from the four study fields.  Used for laboratory field capacity 
determination, these samples were placed in aluminum trays containing drainage 
openings and thoroughly saturated with tap water.  The trays were allowed to drain freely 
under gravity for a 24-hour period, after which the trays were weighed and dried in an 
oven at 221°F (105°C) for 24 hours.  After cooling, the sample trays were weighed to 
determine total volumetric water content or field capacity based off the change in weights 
and the known density of  water (Figure 3.3).  Soil types were determined using the 
USDA soil test guidelines (Thien 1979; USDA-NRCS 2017a), and were used to estimate 
permanent wilting point based off a specified percentage of total calculated field 
capacity.    
Figure 3.3 Soil samples awaiting analyses for field capacity determination (4/18/2017). 
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Measured values of soil moisture were carried out with the Delta-T Devices type 
ML2X Theta soil probe in conjunction with the HH-2 moisture meter which provides a 
volumetric quantification of soil moisture.  A series of soil moisture readings were taken 
in each field at the time of survey measurements.  These readings were used to compare 
deviations from field capacity and permanent wilting point to ascertain any unfavorable 
conditions due to excess or lack of soil moisture which could impact moisture flux 
readings or transpiration rates.  
3.5.3 Other Measured and Calculated Variables   
Plant leaf area was calculated by removing all leaves from a representative plant 
sample, placing/taping the leaves flat to a large poster board without overlap and 
photographed with a 16.0-megapixel resolution digital camera (Nikon Coolpix L840) 
(Figure 3.4).  The photos were subsequently uploaded to Adobe Photoshop which 
allowed for pixel counting and area calculation based on a known pixel size (Chen et al. 
2010), and reference pixel count based on a 5cm2 section of color paper (Figure 3.5).  
This process provided a whole plant leaf area, which was subsequently used to arrive at 
leaf area index (LAI) based off plant population counts and field sizes.   
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Figure 3.4 Soybean leaves photographed for subsequent leaf area analysis, note 
the 5cm2 reference square (9/3/2017). 
 
Figure 3.5 Leaf area analysis in Adobe Photoshop. 
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Plant population counts were completed early in the growing season and again 
later in the season to arrive at actual plant counts.  A length of row representing 1/1000th 
acre was determined by row spacing and several surveys were completed throughout each 
field that were averaged and scaled to a per acre population rate.  Finally, leaf angle was 
measured once during peak growing season (August) as a series of readings in each field 
utilizing a smartphone compass application (Escribano‐Rocafort et al. 2014).  Also 
collected at the time of survey measures were meteorological variables of air 
temperature, dewpoint, relative humidity, atmospheric pressure, wind speed, and 
direction from the nearest municipal airport weather observation station (KULM, located 
in New Ulm, MN) approximately twelve miles from the field study sites.  
Calculated values of vapor pressure deficit or atmospheric demand for water 
vapor were achieved by applying equations 3.1-3.3, using measured ambient station 
conditions of air temperature for saturation vapor pressure and dew point temperature for 
vapor pressure.  Solar zenith angle was calculated by using NOAA’s online solar position 
calculator which considers the local lat/long geographic position coordinate, time zone, 
day of the year, and time of day (NOAA 2017b).  Sunlit and shaded leaf fractions within 
the canopy were calculated using equations from a similar study which modeled canopy 
level gas exchange fluxes (Equations 3.4 and 3.5) (Dai, Dickinson, and Wang 2004). 
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Eq. 3.4 ƒSun(x) = e-kbx 
Eq. 3.5 ƒShade = 1 -  ƒSun 
 
 
 
 
 
Transpiration rates were calculated automatically from Li-6400 IRGA software based 
upon the following variables (Equation 3.6) (Li-Cor 1999).  
 
 
 
Eq. 3.6 
𝐸 =
𝐹(𝑤𝑠−𝑤𝑟)
100𝑠(1000−𝑤𝑠)
  
x = current leaf area index (LAI) 
kb = G(μ) / μ 
G(μ) = θ1 + θ2μ 
θ1 = 0.5 - 0.633Χ – 0.33Χ2  
θ2 = 0.877(1-2θ1) 
μ = cosine of zenith solar angle 
Χ = empirical parameter for leaf angle, 
ranging from 1 to -1, (1 representing 
horizontal leaves 0°, -1 representing 
vertical leaves 90°) 
 
 
 
 
 
E = Transpirations Rate (mmol/H2O/m
2/sec) 
F = (μi)(106) 
Ws = (wo)(10
3) 
Wr = (wi)(10
3) 
S = leaf area of sample (6cm2) 
μi = incoming air flow rate (mol/s) 
μo = outgoing air flow rate (mol/s) 
wi = incoming H2O mol fraction (mol H2O/mol air) 
wo = outgoing H2O mol fraction (mol H2O/mol air) 
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3.6 Field Sampling Data Analysis and Modeling Strategy 
Survey measures were carried out every seven to ten days, or as weather 
conditions allowed, throughout the 2017 growing season within four production fields 
located in Nicollet County, Minnesota, consisting of two corn and two soybean fields.  
Due to the inherent sensitivity of the IRGA combined with long equilibrium times for 
stomatal conductance in response to various environmental conditions, chiefly variable 
solar insolation levels, measurements were only carried out on clear days with minimal 
cloud cover.  One measurement day was carried out during overcast conditions to observe 
how values were affected by a large insolation reduction with increased diffuse radiation.  
On measurement days, readings were taken during a diurnal period representing 
maximum potential conductance and transpiration rates, typically occurring for a two-
three hour period beginning at local solar noon (Reicosky, Kaspar, and Taylor 1982; 
Leakey et al. 2004). 
IRGA readings were taken a minimum of twelve rows into a field, from the field 
boundary, as a series of eight upper canopy sunlit leaves, followed by eight lower canopy 
shaded leaves.  Each reading occurring at the individual leaf level was given sufficient 
time to reach a stomatal equilibrium state from slight environmental changes within the 
IRGA chamber.  In addition, steps were taken to ensure as close to ambient conditions as 
possible, thus reducing stomatal equilibrium times and providing a more accurate 
representation of actual stomatal flux values.  Active monitoring was accomplished using 
the “Graph-It” program in the IRGA software which provided a real time visual graphical 
display of flux values.  Readings were logged when flux curves reached a near zero 
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slope, with typical equilibrium times ranging from 30 seconds to 1 minute.  The sampling 
interval was no less than every eight to ten plants down a selected row with around 60 
row feet covered each measurement series. 
The first key variable in arriving at accurate canopy level fluxes involved 
calculating a leaf area index (LAI), defined by the one-sided green leaf area per unit of 
ground area.  Per acre plant population counts were used in conjunction with individual 
plant leaf area determined by destructive leaf area sampling with digital photography and 
subsequent pixel counts within photo processing software (Equation 3.7). 
 
      Eq. 3.7      (Individual Plant Leaf Area) X (Per Acre Population)   =  LAI 
            4046.86 m2 
 
The calculated LAI was then used with the cosine of the zenith solar angle and 
measured leaf angle (leaf to stem angle) to calculate the fraction of sunlit and shaded 
leaves by applying equations 3.4 and 3.5.  Next, utilizing the designated proportions of 
sunlit and shaded leaves, the per plant measured leaf area was divided into an upper and 
lower canopy portion representing total area of sunlit and shaded leaves, respectively.  
These calculated upper and lower canopy leaf areas were then combined with the 
averaged IRGA readings taken both for sunlit and shaded leaves, yielding a total overall 
plant flux rate, which was then up-scaled using the per acre plant population counts.  For 
a more convenient interpretation of transpiration flux values, the reported mmolar H2O 
rates were covered to milliliters H2O per acre, per unit of time, thus providing an 
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understandable quantification of typical midday transpiration rates occurring at various 
growth stages throughout the 2017 growing season.  
Aside from the ultimate flux value of interest for this study (transpiration), values 
of stomatal conductance and overall photosynthetic rate were also recorded.  Stomatal 
conductance is a representation of the degree of stomatal aperture which is affected by 
several environmental conditions previously discussed.  Since this value can vary greatly 
in different conditions and across the plant as a whole (different leaf-level stomatal 
distributions), transpiration was focused upon as this process represents the actual flux of 
water vapor out of the leaves into the lower atmospheric boundary layer.  For example, a 
plant may experience a high value of conductance within a protective closed canopy 
environment (microclimate), but actual water movement out of the plants (transpiration) 
is reduced due to factors such as low VPD, high humidity, low temperatures, etc.  Values 
of conductance were recorded to compare the relationship between transpiration and 
influencing environmental factors.  
Photosynthetic rate is a measure of CO2 assimilation by the C3 of C4 carbon 
fixation reaction pathways.  In C3 plants such as soybean, this rate is largely dependent 
upon stomatal conductance values as this can have a restrictive effect on the amount of 
available CO2 for rubisco mediated fixation and/or increased inefficient photorespiration 
with O2.  With C4 plants such as corn, the rate of carbon assimilation is not as greatly 
affected by reduced conductance with a CO2 concentrating mechanism present involving 
a spatial separation between the C4 and C3 pathways.  In either case, the photosynthetic 
rate was also recorded to gauge effects of other environmental factors on overall carbon 
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fixing rates, how this rate was related to overall transpiration, and as a comparison to 
confirm whether measured values were within ranges reported by other literature.      
3.7 Remote Sensing Crop Health Comparison 
To insure the study site fields were representative of those within a larger area in 
terms of health and overall crop performance, a remote sensing monitoring approach was 
applied.  A wide variety of vegetation indices have been developed utilizing specific 
electromagnetic band combination from available satellite platform sensors.  These bands 
extend into areas of infrared (.8-3um) which is strongly reflected by healthy vegetation. 
The normalized difference vegetation index (NDVI) (Equation 3.8), was introduced in 
1974 (Rouse Jr et al. 1974), and has been the dominate index in remote sensing studies of 
vegetation (Gao 1996).  There have also been steady developments with other unique 
indices which utilize other band combinations.  Of these, the normalized difference water 
index (NDWI) (Equation 3.9) (Gao 1996) has shown to be useful for many applications 
including quantification of vegetation water content by utilizing a near infrared band 
(NIR) centered at 0.86um and short wave infrared band (SWIR) centered at 1.24um, 
which is effective at water absorption. 
A radius extending approximately ten miles from center of the study sites was 
used to compare corn and soybean fields of south central Minnesota (Nicollet County), to 
monitor crop health, vegetation water content, and determine temporal changes 
throughout the 2017 growing season (May-September).  Images were obtained for the 
2017 growing season that included Nicollet County from the USGS site Earth Explorer.  
Pre-processing was completed to identify images which were acceptable for further 
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analysis that contained minimal cloud cover and/or atmospheric interference.  This 
resulted in five images ranging from May 22ed to September 11th.  Images were further 
processed to stack all required layers and an area extending ten miles from the field study 
sites was extracted as a subset image.   
This analysis includes vegetation water content derived from numerous field 
verification studies (Jackson et al. 2004; Chen, Huang, and Jackson 2005; Yilmaz, Hunt, 
and Jackson 2008; Huang, Chen, and Cosh 2009), and will utilize NDWI as an indicator 
correlating to actual water volume.  NDVI will also be directly analyzed for the same 
images to gauge any apparent differences in assessing overall vegetation health and LAI.  
Gaining a better understanding of vegetation water content at different periods within a 
growing season is important for drought monitoring, irrigation management, yield 
predictions, and climate model applications considering lower atmospheric moisture 
sources. 
Data acquisition and extraction was completed utilizing Landsat-8 OLI  images 
from the 2017 growing season and was subsequently analyzed with Erdas Imagine 2015 
software.  Landsat-8 was chosen due to its moderate pixel resolution of 30 meters, which 
provides an accurate spatial representation of common agricultural field sizes while being 
able to cover an entire county.  The temporal resolution of 16 days provides an acceptable 
image sampling interval for general growth stage health and water quantification, 
however improved temporal resolution may be necessary or desired for studies requiring 
more frequent monitoring.  Landsat-8 also has the desired spectral resolutions, providing 
a near infrared (NIR) band centered at 0.865um (band 5) and a shortwave infrared 
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(SWIR) band centered at 1.609um (band 6) which works well for both standard NDVI 
and NDWI. 
After processing to arrive at subset images, both NDVI and NDWI were applied 
which produced greyscale images with normalized pixel values ranging from -1 to 1.  
Since greyscale images are less useful for visualization, pseudo color images were 
created for NDVI results to aid in visualization and image comparison.  To apply crop 
specific water volume content (WVC) equations to the same image, corn and soybean 
field types must be known.  An unsupervised image classification with thirty iterations 
was performed on the September 11th image which contained good crop differentiation 
characteristics as corn fields had apparent tasseling present while most bean fields were 
essentially dark green.  This was used to produce a basic land classification map 
identifying corn and soybean field locations.  These combined products were used to 
apply crop specific equations for both corn and soybean to the same image.  This was 
done utilizing NDWI, as this specialized index is reported as a superior indicator of 
accurate WVC.   
3.8 Summary of the Methods 
By collecting meteorological data on dew point temperature, minimum/maximum 
temperature, and calculated VPD from NWS FOS, with proven consistent and reliable 
data records, a clearer picture of any spatial and temporal changes will be achieved 
though statistical and visual comparative analysis.  Application of the independent t-test 
to individual stations provides a measure of statistically significant temporal change from 
the early (1956-1985) to late (1986-2016) portions of the study period.  While visual 
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comparative analysis though graphical display of this data provides an indication of any 
spatial changes occurring.  Further, change point analysis of dew point records has 
provided significant years in which these changes took place.  By comparing changes 
occurring in agricultural census data with state averaged changes in dew point 
temperature, a possible link will be established.   
Raster surface maps, based on the kriging spatial interpolation method, show the 
changes in the analyzed meteorological variables.  Since these variables are continuous 
through space, but are traditionally collected at a limited number of station point 
locations, these images can provide extended estimates to where spatial and temporal 
changes have taken place.  Since this technique can only consider the point data that is 
available, this can limit accurate results within areas possessing relatively sparse data 
collection networks and results must be considered with these limitations in mind.  
Field data collected during the 2017 growing season were used to create a model 
to accurately up-scale individual leaf level flux rates to canopy level, providing a 
quantification of transpiration rates and potential midday contributions to lower 
atmospheric humidity.  Several important environmental variables, which can have a 
dramatic impact on potential transpiration rates, was also included for analysis.  Remote 
sensing was used to monitor overall crop health through NDVI and vegetation water 
volume content (WVC) utilizing NDWI throughout the growing season to confirm 
whether the field-based readings occurred in settings that were representative of the 
surrounding area.       
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Chapter 4: Results and Discussion 
4.1 Metrological Data Analysis Results 
The primary study region (Midwest Corn Belt) contained 33 stations while the 
secondary study region (Southern U.S. to Gulf Coast) contained 26.  Overall, both 
regions experienced some degree of increasing dewpoint temperature, however a greater 
increase was found within the primary study region and many of the smaller increases 
within the secondary region were statistically insignificant.   
Of the 33 stations located within the primary region, 76 percent experienced an 
average increase of ≥ 1°F in dew point temperature between the early and late climatic 
periods.  A one degree rise in dew point occurring between 68-72°F, translates into a 
three and a half degree rise in saturation vapor pressure.  Of the 26 stations located in the 
secondary region only 19 percent experienced an increase of this magnitude.  Results 
from the independent t-test showed that all increases > 1°F were significant at the 99 
percent confidence level (ɑ=.01).  Clearly, a higher magnitude of dew point increase was 
supported by a higher statistically significant confidence interval indicating a more 
definitive increase associated with the lower alpha.   
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Results from the independent t-test of dew point temperature between climate 
periods over the five-month growing season (May-September) are summarized 
cartographically for improved visualization (Figure 4.1).  T-test results for all stations are 
Figure 4.1 Results from independent t-test comparing early (1956-1985) and late (1986-2016) climate 
periods for dew point temperature over the five-month growing season (May-September). 
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tabulated for reference within Appendix A.  From this systematic per station analysis it 
can be determined that a greater overall increase in atmospheric boundary layer (ABL) 
moisture is occurring throughout the Midwest Corn Belt region. 
Further, this magnitude of increase has not occurred within the Southern portion 
of the U.S.  This region accounted for three of the four decreases and 85 percent of the 
stations that had an increase of < 1°F, with half of these increases testing statistically 
insignificant at the 95% level (ɑ=.05).   Since this Southern region extends to the Gulf 
Coast and is the primary source region for advected maritime tropical (mT) air mass 
humidity into the Corn Belt, it can be inferred that some other mechanism outside the 
source region is providing an increased localized moisture source.     
Increases in atmospheric moisture can have effects on other meteorological 
variables such as daily minimum and maximum temperature.  Consequently, these were 
used in a similar independent t-test analysis to gauge any associated changes within these 
variables.  The same parameters were used for temperature change analysis which 
covered the same early and late climate periods and the five-month growing season 
average.  Results are summarized visually for maximum temperature (Figure 4.2) and 
minimum temperature (Figure 4.3) with tabulated results in Appendix A.  
Daily maximum temperature averages occurring over the summer growing season 
have increased at a similar magnitude across both study regions, something that fits with 
global warming pursuant to enhanced planetary CO2 concentrations ranging from 315 to 
over 400 ppm during the study period.  This is a typical pattern occurring in many 
regions and this increase in daily temperature maximum can act to increase the VPD or 
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evaporating potential of the atmosphere, thus acting to increase transpiration or 
evaporation rates across the board.  Of the 54 stations included in the maximum 
temperature analysis roughly half of the records tested statistically insignificant at the 95 
Figure 4.2 Results from independent t-test comparing early (1956-1985) and late (1986-2016) climate 
periods for daily maximum temperature over the five-month growing season (May-September). 
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percent confidence level (ɑ=.05).  The increase in daily maximum averaged 0.83°F with a 
standard deviation of around 0.50°F indicating a relatively uniform increase.  However, 
within the core region of the Midwest Corn Belt stations had a lower average increase 
indicating some degree of suppressed daily maximum, an indicator of increased latent 
heat partitioning and reduced sensible surface heating.  
Daily minimum temperature averages over the same summer growing season 
have increased at a greater magnitude than the daily maximums.  This situation indicates 
increased atmospheric moisture, which acts to blanket heat near the surface, resulting in 
reduced rates of nocturnal cooling.  Increases of the greatest magnitude have again 
occurred within the Midwest Corn Belt region with roughly half of these stations 
experiencing an increase ≥ 1.6°F and all testing statistically significant at the 99 percent 
confidence level (ɑ=.01).  Only three stations within the Southern region experienced 
similar patterns indicating much more pronounced increases occurring mainly within the 
Midwest.       
VPD  was also included in the t-test analysis to ascertain whether an increase in 
VPD may be responsible for increasing lower atmospheric moisture within the Midwest 
or if changes in agricultural land use practices are potentially playing the larger role in 
humidity increases.  VPD was calculated as a percent change between the early and late 
climate periods and results are again presented visually (Figure 4.4) and tabulated within 
Appendix A.  Within the southern and eastern portions of the study regions the overall 
trend is an increase in VPD which is supported by higher daily maximum temperatures.  
It is interesting to note that ten stations located within the core region of the Corn Belt 
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have experienced a decrease in VPD.  Since VPD considers both surface temperature 
(increase in surface temperature = increase in VPD) and dew point temperature (increase 
in humidity = decrease in VPD), these lowered readings in the Corn Belt point towards a 
link to increases in atmospheric moisture. 
Figure 4.3 Results from independent t-test comparing early (1956-1985) and late (1986-2016) climate 
periods for daily minimum temperature over the five-month growing season (May-September). 
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 Only 26 percent of stations tested statistically significant for this VPD increase 
with these stations representing the largest category of increase (> six percent increase 
between climate periods).  These 14 stations are mainly located within the eastern half of 
both study regions.  
 
 
 
 
 
 
 
 
 
Figure 4.4 Results from independent t-test comparing early (1956-1985) and late (1986-2016) climate 
periods for vapor pressure deficit over the five-month growing season (May-September). 
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The change point analysis over the 61-year span calculates regions within the data 
where before and after change point means are different, providing specific years in the 
timeseries where statistically significant changes took place.  A manual penalty value was 
assigned based on visual examination of graphical change point results, choosing a value 
in which the number of change points best fit intuitive visual changes within the data 
series.  The penalty values in the PELT algorithm essentially modify the sensitivity to 
change point break detection with larger penalty values generating a lower frequency of 
change points.  This was completed individually for all stations used for dew point 
records within both study regions resulting in 59 total change point graphs.  The results 
for all stations can be found within Appendix B.   
Considering all fifty-nine graphical results, an overall increasing trend in dew 
point temperature is apparent with 82 percent of primary study region stations 
experiencing a clear, often linear increase and no stations experiencing a steady or 
decreasing trend.  Within the secondary study region stations, 62 percent have steady 
average dew point temperatures over the timeseries and another 46 percent experiencing 
some degree of increase.  Several representative stations from the primary and secondary 
study region are presented here (Figures 4.5 and 4.6). 
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Figure 4.5 Sample of change point results from stations within the primary study region representing typical 
increase patterns. 
Figure 4.6 Sample of change point results from stations within the secondary study region representing typical 
steady dew point patterns. 
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Years in which change points occurred were also recorded to determine any 
temporal pattern or commonalities between stations or common change point years 
(Figure 4.7).  Clearly, years representing the most common change points across all study 
regions occur in 1977, 1986, and 2010.  Study region specific change points indicating 
number of increases vs. decreases are also included for a more complete picture of spatial 
and temporal changes (Figures 4.8 and 4.9).   
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Figure 4.7 Change point station frequency increases and decreases for dew point temperature across both study 
regions.  
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Figure 4.8 Change point station frequency increases only for dew point temperature across both study regions.  
 
Figure 4.9 Change point stations frequency decreases only for dew point temperature across both study regions.  
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Results from GIS interpolation provide a complete spatial view of changes 
occurring in a continuous environmental variable (dewpoint, temperature, and VPD).  
The interpolation images based on kriging are listed for reference within Appendix C.  
From these images raster difference images were created for each of the four climate 
variables comparing changes from the early to late climate period interpolations using the 
raster calculator resulting in four new images (Figures 4.10-4.13).     
Results for yearly growing season averaged dew point temperature show that 
increases are rather widespread between periods, however more drastic increases are 
apparent throughout the Midwest, on the order of a 1-2°F compared to the Southern U.S. 
which has seen a 0-1°F increase.  Variables of maximum and minimum temperature show 
a variety of changes.  Maximum temperature is more erratic with less of a definitive 
spatial pattern, while minimum temperature has increased in the central and northern 
areas of the study region on the order of 1-3°F.  The final variable consisting of vapor 
pressure deficit indicates an increase in the southeastern region of the study area with 
slight decreases apparent in the western and northern portions, including the Midwest.  
While these interpolation techniques provide a convenient way of estimating variables 
across space and make sense for such continuous environmental data as temperature, they 
certainly have limitations and such interpretations should be made cautiously.  Overall, 
the results obtained from these various interpolations support an increasing trend in 
atmospheric boundary layer moisture occurring within the Midwest Corn Belt. 
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Figure 4.10 Interpolated dew point temperature difference between early and late climate periods  
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Figure 4. 11 Interpolated daily maximum temperature difference between early and late climate periods 
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Figure 4.12 Interpolated minimum temperature difference between early and late climate periods 
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Figure 4.13 Interpolated vapor pressure deficit difference between early and late climate periods 
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4.3 USDA Agricultural Data Results and Discussion 
 Statistical analysis of meteorological records and assembly of growing season 
averaged dew point, maximum/minimum temperature, and VPD has indicated what 
spatial and temporal changes have taken place and has provided an updated regional 
climatology of these variables.  Since the goal of this study is to link possible changes in 
agricultural intensification within the Midwest Corn Belt to changes occurring in regional 
near surface humidity, several agricultural statistics have been collected from the USDA 
Census of Agriculture for the eight-state rain-fed portion of the Corn Belt.  The eight 
states selected include Minnesota, Iowa, Missouri, Illinois, Wisconsin, Indiana, 
Michigan, and Ohio.  Not all of these states are top producers of corn and soybean crops, 
however they are all located within close spatial proximity to the core of the Corn Belt 
(Southern Minnesota, Iowa, Illinois, Indiana) as defined by total production bushels 
(Figures 4.14 and 4.15).  Any changes in climatic variables from intensification will 
likely have influence that will be observable within all eight of these states. 
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 A series of additional choropleth maps have been created to show changes within 
several other agricultural statistics including: total cropland acres, acres of corn/soybean, 
and yield per acre to create a visual tool for simple comparative analysis between census 
years and over the study period as a whole.  Since the U.S. Census of Agriculture is 
Figure 4.14 Corn harvest within the Midwest Corn Belt states (millions of 
bushels). 
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released every four to five years, twelve census years which fall within the study period 
(1956-2016) were included.   
 
  
 Further analysis involved running an additional change point detection on state 
average dew point temperature (compiled from the average of all stations within a state) 
and corn/soybean production efficiency (yield per acre) to determine if any significant 
Figure 4.15 Soybean harvest within the Midwest Corn Belt states (millions of 
bushels). 
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changes in humidity were associated with increases in production efficiency.  The first 
agricultural census item of interest was determining how much total land area dedicated 
to cropland use has changed over the study period (Figure 4.16).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Total cropland within the Corn Belt states has not change dramatically over the 
study period while crop types have become dominated by corn and soybean with 
Figure 4.16 Total cropland of all types within the Midwest Corn Belt.  
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declining wheat, oat, and forage production (Figures 4.17 and 4.18) (Johnston 2014).  
Soybeans have seen a larger growth in allocated acres, an occurrence likely due to the 
crops growing acceptance by producers after its initial importation from Western China 
and successful replacement of oats as a rotation crop with corn (Hudson 1994).  As a 
Figure 4.17 Corn acres harvested in the Midwest Corn Belt (thousands of 
acres).  
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legume, soybeans also fix nitrogen to the soil.  Native to the New World (tropical 
Mexico), corn was grown as a crop prior to European settlement (Clampitt 2015).  The 
transition to corn and soybean dominated agriculture is likely due to increasing market 
demand as both crops possess numerous uses and are easily processed into a variety of 
industrial products.  Within the U.S. Great Plains, a shift toward more drought tolerant 
crops such as wheat and sunflowers has occurred.  Nonetheless, irrigation schemes allow 
for corn/soybeans with Nebraska and Colorado serving a prime examples.  With total 
crop acreage holding more or less steady from 1956-2016, changes occurring on the 
farm, in crop type, and agricultural intensification (high planting populations) are the 
probable causes, for an increased regional ABL humidity.   
Since the 2007 Census of Agriculture, corn acreage has seen an increase in half of 
the Corn Belt states while soybean has experienced some decreasing acreage which is 
likely related to increased demand for ethanol production and exported feed grains which 
underlie higher corn prices.  This may be a continued trend with legislative pushes for 
expanded renewable fuel sources (Mehaffey, Smith, and Van Remortel 2012) or may not 
persist as previously expected with cheapening natural gas and growing shale extraction 
technologies (Caporin and Fontini 2017).   
One such indicator of changes occurring within Midwest agricultural land use has 
been a dramatic increase in production efficiencies resulting in higher yield per acre of 
corn and soybean crops (Figures 4.19 and 4.20).  These increases are due to multiple 
factors, noted earlier in chapter two.  These factors include: (1) a transition to high input 
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agriculture, (2) genetic improvements, biotechnology, and (3) technological 
developments (Hudson 1994; Clampitt 2005). 
The most drastic change from a land use perspective has been the increase in 
planting density creating much high per acre plant populations.  As discussed, this has 
primarily occurred through breeding selection and genetic improvements, which allow 
for a reduction of plant stress associated with dense stands.  Other notable land use 
changes have been drastic increases in artificial drainage systems based on field tiling 
and increased fall tillage which decreases the springtime surface albedo, thereby warming 
soils for earlier planting.   
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The improvement in production efficiency of corn has occurred across the entire 
Corn Belt. Yields were no greater than 80 bushels per acre prior to the 1969 Agricultural 
Census with yields reaching over 160 bushels per acre for the core of the region by the 
2007 Agricultural Census.  Much larger increases in corn yield occurred within most 
states between the 1974-1978 Census and again in between the 1987-1992 Census with a 
steady increase to modern day levels.  Soybean yield over the study period is similar with 
Figure 4.18 Soybean acres harvested in the Midwest Corn Belt (thousands of 
acres).  
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dramatic increases occurring between the 1974-1978 Census, followed by a steady rise to 
current yields of over 40 bushels per acre.  
Figure 4.19 Corn yield per acre (production efficiency) within the Midwest Corn Belt. 
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Figure 4.20 Soybean yield per acre (production efficiency) within the Midwest Corn Belt.  
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The chronology of these increases is further supported by the change point results 
comparing yield per acre with a state compiled average dew point timeseries.  Sample 
figures are shown for Minnesota and Iowa (Figures 4.21 and 4.22).  These charts are 
listed for each of the eight-primary study area Corn Belt states within Appendix D.  This 
also provides the possibility of comparing significant changes in production efficiency 
with changes in observed dew point temperature.  Results of these change point 
detections provide overall support for an increase in dew point coinciding with yield 
increases per area of land.  This was especially true for the core of the Corn Belt states 
(Southern Minnesota, Iowa, Illinois, Indiana) where both corn and soybean yield 
increases coincided with dew point increases.   
In terms of temporal patterns, several years in the late 1970’s, particularly 1978 
corresponded to the most frequent increase time in dew point temperature (Figure 4.7).  
Moreover, these Corn Belt states show a sustaining trend (less fluctuation) after 
significant increases have taken place indicating that intense corn/soybean agriculture is 
more or less consistent year to year in production and acreage.  Consequently, elevated 
dew points likely buffer any major fluctuations occurring due to other influences such as 
shifts in summertime airmass transit patterns.        
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Figure 4.21 Change point results for state compiled dew point temperature aggregated to 
USDA Census of Agriculture periods with corn and soybean yield per acre for Minnesota.  
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Figure 4.22 Change point results for state compiled dew point temperature aggregated to 
USDA Census of Agriculture periods with corn and soybean yield per acre for Iowa. 
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4.4 2017 Growing Season Field Work Results and Discussion                                     
(corn and soybean transpiration flux model)  
Meteorological data were collected from the same municipal airport reporting 
station and the research fields were within close proximity to one another so precipitation 
events are consistent for each of the four fields.  Both soybean fields had similar silty-
clay soil with field capacity and PWP around 0.45 m3/m3 and 0.10 m3/m3, respectively.  
The corn fields consisted of the same silty-clay soil with a similar field capacity of 
around 0.43 m3/m3 and PWP of 0.09 m3/m3, which coincided with the soybean fields.  
Within all four fields, soil moisture levels remained within an acceptable range for plant 
availability throughout the growing season.  This was further supported by the proximity 
to the Swan Lake wetland area which likely provided a higher water table, allowing crops 
access to ground water supplies by peak season root development.   The highest soil 
moisture levels occurred on the August 22ed measurement day, five days after the highest 
precipitation event of the summer on August 17th when 3.33 inches of rain was received.  
The lowest levels occurred on August 4th, although at this later stage of crop growth, root 
development has likely allowed for some degree of ground water extraction as above 
mentioned, thus reducing any associated moisture stress.   Volumetric soil moisture was 
plotted against: (1) field capacity, which was determined prior to spring planting through 
laboratory analysis, (2) the estimated permanent wilting point (PWP) based of soil types, 
and (3) all measurable precipitation events that occurred.   
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This was completed for each of the four research fields that included two corn (Figures 
4.23 and 4.24) and two soybean fields (Figures 4.25 and 4.26).    
Figure 4.24 Corn field 2: available soil moisture from HH-2 moisture meter and summer precipitation events 
with calculated field capacity and estimated permanent wilting point based on soil type. 
 
Figure 4.23 Corn field 1: available soil moisture from HH-2 moisture meter and summer precipitation events with 
calculated field capacity and estimated permanent wilting point based on soil type. 
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Figure 4.26 Soybean field 2: available soil moisture from HH-2 moisture meter and summer precipitation events 
with calculated field capacity and estimated permanent wilting point based on soil type. 
Figure 4.25 Soybean field 1: available soil moisture from HH-2 moisture meter and summer precipitation events 
with calculated field capacity and estimated permanent wilting point based on soil type. 
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While precipitation, soil type, root structure, and soil moisture availability are 
important physical factors influencing potential transpiration rates, other biological 
factors are equally important when adequate water supplies are available.  The main 
biological factors affecting rates of transpiration which are directly related to crop 
development and canopy structure are: (1) the plant growth stage or leaf area index (LAI) 
and (2) the fraction of sunlit vs. shaded leaves within a canopy.  These biological factors 
were key variables in accurately scaling-up leaf level transpiration rates to a canopy or 
whole field level.  Recalling that transpiritive flux potential is directly related to how 
many stomates are available to preform gas exchange, most plants with a greater overall 
leaf area will possess more stomates, thus allowing for greater rates of exchange.  Since 
sunlit leaves are more actively photosynthesizing, a greater rate of gas exchange is 
necessary to supply adequate CO2 for carbon fixation, thus increasing transpiration rates 
within this portion of the canopy, with a dramatic reduction in rates associated with 
shaded canopy portions.  The measured LAI’s were graphed in Figures 4.27-4.30. 
Considering the two corn fields, LAI increases initially at a slow rate when corn 
plants are small seedlings.  During this early growth period soil surface area is often 
greater than plant leaf area and transpiration amounts are low.  At a certain vegetative 
stage, nearly six weeks after planting, LAI increases at a rapid pace for a three-week 
period before leveling off as vegetative growth is maximized, and the canopy becomes 
dense and closed.  At this point transpiration becomes the dominate evapotranspirative 
flux within these highly vegetated environments, thus serving as the main source for 
atmospheric boundary layer moisture.  As the crop reaches maturity, LAI begins to 
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decrease as lower canopy leaves senesce which occurs about 15 weeks after spring 
planting (late summer) and continues until full senescence in fall.   
 
 
Figure 4.27 Corn field 1: measured leaf area index and calculated sunlit vs. shaded canopy fractions. 
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The fraction of sunlit leaves within the canopy is inversely related to LAI.  During 
early season, when LAI is low, the fraction of sunlit leaves is much higher.  As the season 
progresses and LAI increases the density of the canopy restricts sunlight penetration 
resulting in a decreased sunlit leaf fraction.  This continues until LAI begins to decrease 
Figure 4.28 Corn field 2: measured leaf area index and calculated sunlit vs. shaded canopy fractions. 
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which then allows more sunlight to reach lower leaves again.  Corn is especially notable 
in this regard as the tall upright canopy structure of the grass family (Poaceae) allows for 
a greater fraction of sunlit leaves throughout the growing season which corresponds to 
higher overall transpiration rates.   
Figure 4.29 Soybean field 1: measured leaf area index and calculated sunlit vs. shaded canopy fractions 
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Soybeans, which are more frost sensitive than corn, are planed later in the season 
and take much longer (around nine weeks after planting) to reach maximum leaf area.  
This LAI maximum only lasts around four weeks until LAI begins to slowly decrease 
until full fall senescence.  Even more important in regard to reduced transpiritive flux 
Figure 4.30 Soybean field 2: measured leaf area index and calculated sunlit vs. shaded canopy fractions. 
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potential, the soybeans possess a dense and short canopy structure, which drastically 
limits lower canopy light penetration.  As the canopy starts rapid development around 
eight weeks after planting, the fraction of shaded leaves soon becomes greater than the 
sunlit portion on the canopy.  This structural-biological trait typically limits soybean 
yield potential (Srinivasan, Kumar, and Long 2017).  
The final variables of interest include atmospheric vapor pressure deficit (VPD) 
determined from nearby weather station temperature and humidity data, and actual plant 
transpiration rates after scaling up to canopy level (Figures 4.31-4.34).                                                 
Resulting transpiritive flux rates are especially dependent upon LAI during the early 
season, prior to peak vegetative development.  The actual quantity of water lost to the 
surrounding environment is directly related to LAI and sunlit/shaded leaf fractions but 
overall is governed by atmospheric vapor pressure deficit (VPD) which is determined by 
current near surface air temperature and humidity.  There is a large discrepancy between 
VPD and transpiration rates at the start of the season when crops are still in early 
development with low LAI.  When crops reach peak LAI, VDP becomes the determining 
factor supporting actual rates of transpiration.  Bear in mind this is contingent upon 
available crop soil moisture at the root zone.  
Solar insulation (K↓), which plays a significant role in determining VPD through 
surface heating, also interacts with plants directly through the photosensitive responses of 
stomates, determining the degree of stomatal conductance which directly affects potential 
transpiration rates.  The significant impact of reduced solar insulation can be seen on the 
July 13th measurement day (denoted with a purple star on results figures 4.31-4.34).  On 
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this date, sky conditions were 100 percent overcast which dramatically lowered both 
VPD and crop transpiration to rates comparable to that of the early season when LAI was 
much lower. 
Figure 4.31 Corn field 1: Crop transpiration rates and vapor pressure deficit.  
 
 
Figure 4.32 Corn field 2: Crop transpiration rates and vapor pressure deficit. 
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Figure 4.33 Soybean field 1: Crop transpiration rates and vapor pressure deficit. 
 
Figure 4.34 Soybean field 2: Crop transpiration rates and vapor pressure deficit. 
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Transpiration flux rates were converted to mL H2O/acre/second for intuitive 
interpretation and comparison.  During peak season, flux rates for corn were around 350 
mL/acre/second and soybeans were around 300 mL/acre/second.  For a typical 80-acre 
field size these rates translate into twenty-eight liters or just over seven gallons per 
second for corn and twenty-four liters or just over six gallons per second for soybean.  
These numbers are on par with previous estimates from the USGS Water-Science school 
where an acre of corn is estimated to give off between 3,000-4,000 gallons of water each 
day (USGS 2016).  Tabulated results for all calculated and measured variables in the 
corn/soybean transpiritive flux model can be found within Appendix E.   
These rates indeed signify a significant contribution to lower atmospheric 
moisture sources.  If we entertain the idea of up-scaling these field size rates to cover all 
corn and soybean cropland within the eight state Corn Belt a very rough estimate can be 
attained for a regional moisture contribution.  Considering within these eight states there 
is roughly 50.5 million acres of corn and 43.8 million acres of soybean, this translates 
into a combined regional contribution of 7.7 million gallons per second during peak 
season at midday.  This rate can be placed in perspective by comparison with the average 
discharge rate of the Mississippi River, which is around 4.6 million gallons per second.  
This estimate has obvious limitations and assumes all crops are preforming similar to the 
research field sites located in Southern Minnesota with skies free of clouds, nonetheless 
this provides a starting point for estimating the impact of Midwest corn and soybean 
contributions relative to regional atmospheric moisture.   
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Study site fields were compared to surrounding fields through a remote sensing 
approach using both NDVI (normalized difference vegetation index) and WVC (water 
volume content) derived from NDWI (normalized difference water index).  This resulted 
in five pseudo color images comparing NDVI and WVC results throughout the growing 
season, sample images are shown for a peak season and late season period on August 1st 
and September 11th, respectively for NDVI (Figures 4.35 and 4.36). 
 
 
Figure 4.35 Pseudo color normalized difference vegetation index (NDVI) for August 1st, 2017, centered on field study 
sites. 
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A general land classification map was produced so crop specific water content equations 
could be applied (Figure 4.37).  Sample images are shown for WVC for the same peak 
and late season periods on August 1st and September 11th, respectively (Figures 4.38 and 
4.39).   
 
 
 
 
Figure 4.36 Pseudo color normalized difference vegetation index (NDVI) for September 11th, 2017, centered on field 
study sites. 
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Figure 3.37 Land use classification based on September 11th Landsat-8 image. 
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Figure 4.38 Pseudo color vegetation water volume content (WVC) on August 1st, 2017, centered on field study sites. 
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The first image used for field comparisons was captured on July 16th, exactly one 
week after a hail event had reduced NDVI values by 0.1 overall compared with 
unaffected fields.  The calculated water volume content on July 16th was also reduced 
around 0.5-1 kg H2O/m
2 crop canopy, compared to unaffected fields.  Further along in 
the season, at peak growth stages (August 1st), the NDVI values for the corn study sites 
were around 0.36-0.50, compared to 0.34-0.44 for soybeans.  These figures were again 
comparably less than surrounding fields, which were not as heavily impacted by the July 
Figure 4.39 Pseudo color vegetation water volume content (WVC) on September 11th, 2017, centered on field study 
sites. 
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9th hail event, possessing values ranging from 0.55-0.65 for corn and 0.35-0.50 for 
soybeans.  Considering WVC at peak season, the study site corn fields ranged from 3.0-
3.3 kg H2O/m
2 crop canopy, while study site soybean fields were around 0.8-1.0 kg 
H2O/m
2 crop canopy.  The surrounding corn fields contained a higher water volume 
content with values ranging from 3.5-3.8 kg H2O/m
2 crop canopy, and soybean fields 
showing very little change from study sites, ranging from 0.8-1.0 kg H2O/m
2 crop 
canopy. 
This situation indicates that the hail events experienced on July 9th indeed had an 
impact on study site fields with NDVI values, which are based off of chlorophyll spectral 
reflectance and therefore more sensitive to changes in LAI, significantly lower than 
surrounding field sites.  During the peak season (maximum LAI) image analysis on 
August 1st there was a 40 percent decrease in NDVI values within study site fields for 
corn compared to surrounding hail free areas and a 9 percent decrease in NDVI within 
study site fields for soybean compared to surrounding areas.  WVC derived from crop 
specific NDWI showed a less dramatic reduction during this same peak season period 
with a 16 percent decrease in WVC occurring within corn study site fields and no 
apparent changes between soybean study site fields and surrounding areas (0 percent 
decrease).  As such, the study site corn fields were more affected by the hail event and 
did not fully recover for the remainder of the growing season.  On the other hand, the 
soybean fields recovered toward peak and end of season.   
Aside from remote sensing indicators of study site crop performance, physical 
measurements of the LAI within study site fields provided another means of normality 
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comparison.  Since the surrounding field areas were not sampled for LAI because of 
limited access and permission issues, several studies were used to compare typical LAI 
ranges for both corn and soybeans.  The early-mid season a hail event on July 9th caused 
damage primarily to the corn plots which acted to reduce LAI with maximum values just 
over 1.0.  Since corn production fields have been observed attaining LAI of around 4.0-
6.0 (Nguy-Robertson et al. 2012), the study site fields underestimate actual transpiration 
rates, therefore providing a conservative estimate of moisture contributions.  Likewise, 
since typical soybean fields are capable of reaching LAI values of around 3.0-5.0 (Nguy-
Robertson et al. 2012), the study site plots have also likely underestimated top 
transpiration rates occurring within the Corn Belt, since soybean LAI maximum only 
reached to 1.3.     
4.5 Conclusions 
Examination of growing season averaged meteorological variables has provided 
an updated regional climatology for dew point temperature, maximum/minimum 
temperature, and vapor pressure deficit.  This has further provided a framework to gauge 
both spatial and temporal changes in these variables in relation to the U.S. Midwest Corn 
Belt and changes occurring in agricultural land use practices over a 61-year period.  
Results from the student t-test comparing early (1956-1985) and late (1986-2016) 
climate periods provide evidence of statistically significant increases in dew point 
temperature occurring within the Midwest with increases of far less magnitude or 
significance occurring within the U.S. South and Gulf Coast.  Related variables of daily 
minimum temperature showed greater increases focused within the Midwest, while daily 
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maximum temperature indicated across the board increases, however many of these 
tested insignificant.  Overall, daily temperature patterns support increases in atmospheric 
moisture.  Vapor pressure deficit did not show any patterns of change between study 
regions, but did indicate an overall significant increase occurring within the eastern 
portion of both study regions and slight decreases within the core of the Corn Belt. 
Moreover, the change point detection provided specific years in which significant 
changes in dew point occurred over the 61-year historic record for all 59 NWS FOS used 
in the study, with the years 1977, 1986, and 2010 being most notable.  Change point was 
also used with a compiled state averaged dew point record for the eight state Corn Belt 
(primary study region) and compared with changes in corn and soybean production 
efficiency to indicate overall increases in dew point are associated with increases in per 
acre yield production.  The findings included significant coincidence with increases in 
both dew point temperature and yield per acre during the late 1970’s.  Subsequently, 
yield per acre continued to increase within all Corn Belt states while dew point 
temperature remained augmented post late 1970’s increase, not falling to dew point lows 
characteristic of pre-1970’s.  
A series of choropleth maps utilizing USDA Census of Agriculture survey data 
provided a means of cartographic visual comparative analysis.  Results from this 
comparison show that overall cropland within these eight states has not substantially 
changed (corn and soybean acreage has only increased modestly), however, the yield per 
acre and intensification of crops increased markedly, which in turn links to increases in 
regional near surface humidity in the atmospheric boundary layer.    
117 
 
Field work completed during the 2017 growing season in the far northwestern 
boundary of the rain-fed Corn Belt provided a multi-variable mechanistic model for 
scaling-up leaf level transpiration measurements to canopy or field scale.  This calculated 
per acre transpiration rate was then used to generate a rough estimate of regional moisture 
contributions for the entire eight-state Corn Belt occurring at midday maximums under 
cloud free conditions.  Considering mid-season hail damage and below average LAI, the 
estimates from this study are likely conservative and under estimate actual transpiration 
rates and lower atmospheric moisture contributions from Midwest agriculture.  
Nonetheless, this regional estimate comprises an important first step or starting point for 
quantifying the impact of agricultural intensification and specifically, transpiration of 
water vapor relative to climate change as manifested by dew point and 
minimum/maximum temperature during the summer growing season.   
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Chapter 5: Summary 
5.1 Introduction 
The concluding chapter of this thesis addresses the overall success of the present 
study in identifying the potential direct impact of U.S. Midwest agricultural land use on 
local and regional climate factors.  Further, 2017 fieldwork is addressed relative to the 
success of quantifying moisture flux contributions at a canopy level and the significance 
of Midwest corn and soybean agriculture as a moisture source within the regional lower 
atmosphere.  Research findings will be summarized addressing any study limitations.   
Further, study implications and future research directions related to achieving an 
improved understanding of agricultural land use/land cover influences on larger 
mesoscale and synoptic circulations will be briefly addressed.  Finally, the original 
research questions posed by this study will be re-addressed to validate the overall success 
of the thesis research.   
5.2 Study Limitations and Implications 
While this study has provided further evidence of land use impacts on climate 
factors, several short-comings are apparent.  The observing stations chosen for data 
collection in this study were carefully selected based on consistent and reliable records.  
Despite this, over the 61-year study period other land use transformations occurring in 
proximity to these stations may impart influence on the data record, especially in areas 
which have seen large buildup of urban infrastructure.  Even though these stations were 
previously analyzed for inhomogeneous associated with instrument changes or station 
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relocations, a reanalysis of these changes should be implemented and then compared to 
the per station change point results from this study, with consideration for near-station 
land use changes and observing station metadata records.  This situation especially 
applies to the last observing station humidity sensing instrument update occurring from 
1990-2000, when existing HO-83 chilled mirror dew point hygrothermometers were 
modified with the implementation of the Automated Surface Observing System (ASOS) 
(Sandstrom, Lauritsen, and Changnon 2004).  Further, an improved growing season 
climatology could be achieved through use of other surface observing networks and 
integration of this data with existing data sets, although caution will need to be taken to 
ensure acceptable data records, free from instrumentation bias and recording errors.  
Field work completed during the 2017 growing season provided a rough 
quantification of lower atmospheric moisture contributions from corn and soybean 
agriculture.  Although this portion of the study filled an important gap in present 
climatology literature, it possesses several limitations and areas for improvement.  Firstly, 
these readings were acquired at midday maximum transpiration rates, only on days with 
minimally variable cloud cover to avoid dramatic flux rate equilibrium times with the Li-
6400 IRGA.  To obtain a fuller picture of corn and soybean moisture contributions a 
method to quantify rates occurring over a 24-hour diurnal period should be implemented 
with considerations for cloud cover influences on conductance and transpiration rates.  
Secondly, this portion of the research took place in a spatially limited area (one-two 
square miles) and only included two corn and two soybean study site fields located within 
the extreme northwestern boundary of the rain-fed Corn Belt.  While these limitations 
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have likely provided a conservative estimate of moisture contributions occurring 
throughout the Corn Belt in its entirety, future research should include larger transects 
coving the entire Midwest for a more definitive look at local variations.  Multi-year data 
sets would also be helpful to gauge impacts associated with year to year variability, 
chiefly regarding soil moisture availability and precipitation patterns.  
 Considering the relatively recent concern involving human induced climate 
change dynamics, this study provides strong supporting evidence of the importance of 
biophysical factors when addressing such anthropogenic contributions.  Concerns over 
climate alterations have largely focused upon biogeochemical factors acting on a global 
scale, most notably steadily increasing CO2 from fossil fuel consumption.  While this 
may be an important piece of the climate change puzzle, it does not paint the whole 
picture and neglects factors acting on a local and regional scale.  This study has shown 
that dramatic moisture flux rates are occurring within agricultural cropland within the 
Midwest, which represents a highly modified natural environment, no longer 
representative of pre-settlement conditions.  
5.3 Future Research Directives  
 Aside from future research recommendations presented in the above sections, 
larger climate patterns acting on the meso and synoptic scales as influenced by regional 
land use/land cover need to be addressed.  Further research on these topics may improve 
our understanding of how factors acting on a localized regional scale exert influence on 
larger climatic processes with the potential for unrealized or not readily apparent 
teleconnections.  While the land use drivers of regional climate impacts may be strongest 
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within a close spatial proximity, effects may also be manifested within larger global 
circulation patterns, potentially creating far reaching impacts.  
5.5 Final Conclusions 
 In conclusion of the present study, a reaffirmation of the original research 
questions should be addressed to evaluate the overall success of the research: 
• What spatial and temporal changes have occurred in observed growing 
season dew point temperatures across the Midwest to the Gulf Coast over the 
61-year study period?  Statistical analysis of growing season dew point 
temperature has indicated that significant increases are occurring within the 
Midwest Corn Belt with less significant changes occurring within the U.S. South 
and Gulf Coast, indicating a regional source of surface moisture, not increased 
maritime tropical (mT) air mass advection via the low-level jet or changes in 
regional pressure gradients.  
 
• How have other associated climate variables changed during this time, 
including: daily maximum temperature, daily minimum temperature, and 
atmospheric vapor pressure deficit?  Further statistical analysis of 
meteorological variables, which often show a direct relationship to lower 
atmospheric humidity, also indicate a significant focus on increased moisture 
occurring within the Midwest.  Of these variables, growing season daily minimum 
temperatures showed the most significant increases occurring within the Midwest 
Corn Belt indicating a regional decrease in nocturnal longwave radiation loss.  
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Growing season daily maximum temperature showed overall increase across all 
portions of both study regions, however the majority of these increases tested 
statistically insignificant.  Despite this, some degree of maximum temperature 
muting was evident within the core of the Corn Belt.  Vapor pressure deficit 
indicated a definitive increase occurring along a north-south transect in the 
eastern portion of both study periods, but no focused increase was evident within 
the Midwest where dew point temperatures have increased the greatest.   
 
• How has agricultural land use changed over the study period, including: 
overall yields, yields per acre (production efficiency), planting population 
rates, and technological advancements?  Overall, land allocated to agricultural 
production has not increased dramatically over the study period, however 
intensification of farm land use practices and technological advancements have 
acted to impressively increase yields and production efficiencies throughout the 
Midwest.  
 
• Does a potential statistical relationship exist between elevated surface 
moisture variables and changes in agricultural practices and land use?  
While there is inherent difficulty associated with accurately correlating changes in 
agricultural practices and land use with changes taking place in surface dew point 
temperatures, this study provides yet another strong support for this phenomenon.  
Overall, increases in regional dew point temperature are supported by changes 
occurring in agricultural production.  These correlative increases were especially 
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evident in the late 1970’s, after which regional dew point temperature remained 
augmented relative to the varying fluctuations evident with earlier years.   
 
• How much moisture are typical corn and soybean fields contributing at 
midday to surface humidity via stomatal conductance and transpiration 
processes at different developmental stages (changing leaf area) throughout 
the 2017 growing season?  Results from the 2017 growing season field survey 
measures have shown that corn and soybean agriculture within the Midwest 
represents a significant source for near surface regional moisture contributions.  
Study site fields, during peak season at midday maximums, are capable of 
contributing around 6 gallons/80 acres/second and 7 gallons/80 acres/second for 
soybean and corn, respectively.  Extrapolating this mid-season flux rate to all corn 
and soybean cropland within the eight state Midwest Corn Belt provided a rough 
regional estimate of moisture contributions on the order of 7.7 million 
gallons/second at midday under clear-sky conditions.  To place this in 
perspective, the average 85-year flow rate of the U.S. Mississippi River at Baton 
Rouge, Louisiana is around 4.6 million gallons/second (USGS 2018).  
 
• What effects do environmental conditions have on overall transpiration 
rates?  Several important controlling environmental factors were identified which 
dramatically influenced transpiration rates occurring in agricultural cropland.  
External non-plant factors included: soil moisture availability (seasonal 
precipitation patterns, soil type, artificial drainage systems), atmospheric vapor 
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pressure deficit (ambient air temperature, absolute humidity levels), turbulent air 
flow, and solar insolation.  Internal factors at the plant level include: plant growth 
stage (leaf area index, rooting depth), canopy architecture (sunlit vs. shaded leaf 
fractions, leaf angle), and per acre plant populations.  
 
Overall, this study has been successful in addressing all posed research questions 
through a comprehensive investigation of many crucial factors and review of relevant 
literature.  Additionally, the study has provided an updated regional growing season 
climatology for dew point, minimum/maximum temperature, and vapor pressure deficit.  
These findings, combined with analysis of USDA agricultural data, has provided a 
probable statistical link to changes occurring in near surface atmospheric humidity 
associated with agricultural intensification.  Fieldwork results further support these 
findings by showing the dramatic moisture flux rates acting as a local/regional 
atmospheric moisture source.   
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Figure 5.1 Field work assistant during early-season diurnal flux rate measurements.  
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Appendix A- Independent t-test statistics results summary comparing early (1956-1985), and late (1986-
2016), seasonal (May-Sept) climate periods for dew point temperature, maximum temperature, minimum 
temperature, and vapor pressure deficit.  Stations listed in bold tested significant ɑ<.05 (95%) level.   
Dew Point 
Temperature            
Station Period n μ SD Δμ df t p T-Test Summary Δ°F 
Akron 
1956-1985 30 55.2 1.42 
0.50 59 4.44 <.001 t(59)=4.44,p=<.001 0.50 1986-2016 31 55.7 1.26 
Atlanta 
1956-1985 30 63.5 1.32 
0.60 59 1.54 0.129 t(59)=1.54,p=.129 0.60 1986-2016 31 64.1 1.35 
Austin 
1956-1985 30 66.7 1.44 
0.70 59 1.81 0.076 t(59)=1.81,p=.076 0.70 1986-2016 31 67.4 1.73 
Baton Rouge 
1956-1985 30 69 1.25 
1.20 59 4.17 <.001 t(59)=4.17,p=<.001 1.20 1986-2016 31 70.2 0.961 
Birmingham 
1956-1985 30 64.9 1.23 
-1.40 33 1.45 0.156 t(33)=1.45,p=.156 -1.40 1986-2016 31 63.5 5.46 
Chattanooga 
1956-1985 30 63.6 1.44 
0.70 59 2.17 0.034 t(59)=2.17,p=.034 0.70 1986-2016 31 64.3 1.21 
Cleveland 
1956-1985 30 55.6 1.6 
1.50 59 3.93 <.001 t(59)=3.93,p=<.001 1.50 1986-2016 31 57.1 1.35 
Columbus 
1956-1985 30 57.2 1.73 
1.10 59 2.73 0.008 t(59)=2.73,p=.008 1.10 1986-2016 31 58.3 1.38 
Covington 
1956-1985 30 59.9 1.51 
1.20 59 3.07 0.003 t(59)=3.07,p=.003 1.20 1986-2016 31 61.1 1.35 
Dayton 
1956-1985 30 56.9 1.75 
1.10 59 2.82 0.006 t(59)=2.82,p=.006 1.10 1986-2016 31 58 1.4 
Des Moines 
1956-1985 30 57.1 1.63 
1.20 59 3 0.004 t(59)=3.00,p=.004 1.20 1986-2016 31 58.3 1.59 
Duluth 
1956-1985 30 47.6 1.43 
2.00 59 5.38 <.001 t(59)=5.38,p=<.001 2.00 1986-2016 31 49.6 1.51 
Fargo 
1956-1985 30 50.8 2 
1.40 59 3.16 0.003 t(59)=3.16,p=.003 1.40 1986-2016 31 52.2 1.5 
Flint 
1956-1985 30 53.7 1.59 
1.40 59 3.61 0.001 t(59)=3.61,p=.001 1.40 1986-2016 31 55.1 1.48 
Fort Smith 
1956-1985 30 64.2 1.61 
1.20 59 3.04 0.004 t(59)=3.04,p=.004 1.20 1986-2016 31 65.4 1.43 
Fort Wayne 
1956-1985 30 56.2 1.72 
1.60 59 4.1 <.001 t(59)=4.10,p=<.001 1.60 1986-2016 31 57.8 1.37 
Green Bay 
1956-1985 30 53.2 1.66 
1.60 59 3.79 <.001 t(59)=3.79,p=<.001 1.60 1986-2016 31 54.8 1.65 
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Huron 
 
 
1956-1985 30 53.3 2.07 
1.70 59 3.58 0.001 t(59)=3.58,p=.001 1.70 1986-2016 31 55 1.56 
Indianapolis 
1956-1985 30 59.2 1.66 
0.10 59 0.415 0.679 t(59)=.415,p=.679 0.10 1986-2016 31 59.3 1.47 
International 
Falls 
1956-1985 30 48.3 1.72 
1.40 59 3.49 0.001 t(59)=3.49,p=.001 1.40 1986-2016 31 49.7 1.35 
Kansas City 
1956-1985 30 60.4 1.86 
0.90 59 2.16 0.035 t(59)=2.16,p=.035 0.90 1986-2016 31 61.3 1.86 
Knoxville 
1956-1985 30 62.7 1.58 
0.50 59 1.41 0.164 t(59)=1.41,p=.164 0.50 1986-2016 31 63.2 1.21 
Lexington 
1956-1985 30 59.6 1.43 
1.30 59 3.58 0.001 t(59)=3.58,p=.001 1.30 1986-2016 31 60.9 1.41 
Little Rock 
1956-1985 30 65.4 1.41 
0.80 59 2.46 0.017 t(59)=2.46,p=.017 0.80 1986-2016 31 66.2 1.26 
Louisville 
1956-1985 30 61.1 1.45 
0.70 59 1.9 0.063 t(59)=1.90,p=.063 0.70 1986-2016 31 61.8 1.31 
Lufkin 
1956-1985 30 68.5 1.37 
0.50 59 1.33 0.188 t(59)=1.33,p=.188 0.50 1986-2016 31 69 1.49 
Madison 
1956-1985 30 54.2 1.69 
1.50 59 3.6 0.001 t(59)=3.60,p=.001 1.50 1986-2016 31 55.7 1.58 
Mason City 
1956-1985 30 55.2 1.78 
-0.20 48 0.234 0.816 t(48)=.234,p=.816 -0.20 1986-2016 31 55 3.12 
Meridian 
1956-1985 30 66.7 1.49 
0.70 59 2.19 0.033 t(59)=2.19,p=.033 0.70 1986-2016 31 67.4 1.13 
Milwaukee 
1956-1985 30 54.3 1.44 
1.00 59 2.47 0.016 t(59)=2.47,p=.016 1.00 1986-2016 31 55.3 1.68 
Minneapolis  
1956-1985 30 53.2 1.75 
1.00 59 2.61 0.012 t(59)=2.61,p=.012 1.00 1986-2016 31 54.2 1.49 
Mobile 
1956-1985 30 68.5 1.44 
0.80 59 2.56 0.013 t(59)=2.56,p=.013 0.80 1986-2016 31 69.3 1.2 
Moline 
1956-1985 30 57.3 1.39 
1.30 59 3.31 0.002 t(59)=3.31,p=.002 1.30 1986-2016 31 58.6 1.66 
Montgomery 
1956-1985 30 66.7 1.25 
0.60 59 1.75 0.086 t(59)=1.75,p=.086 0.60 1986-2016 31 67.3 1.18 
Muskegon 
1956-1985 30 53.7 1.4 
1.40 59 3.66 0.001 t(59)=3.66,p=.001 1.40 1986-2016 31 55.1 1.51 
Nashville 
1956-1985 30 63.3 1.29 
-0.10 59 0.366 0.716 t(59)=.366,p=.716 -0.10 1986-2016 31 63.2 1.45 
New Orleans 
1956-1985 30 70.4 70.4 
0.80 48 2.32 0.025 t(48)=2.32,p=.025 0.80 1986-2016 31 71.2 71.2 
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Oklahoma City 
 
 1956-1985 30 61.8 1.92 
1.20 59 2.63 0.011 t(59)=2.63,p=.011 1.20 1986-2016 31 63 1.65 
Peoria 
1956-1985 30 57.9 1.47 
1.40 59 3.38 0.001 t(59)=3.38,p=.001 1.40 1986-2016 31 59.3 1.78 
 
 
Port Arthur 
1956-1985 30 71.6 1.15 
0.20 59 0.711 0.48 t(59)=.711,p=.480 0.20 1986-2016 31 71.8 1.12 
 
 
Rochester 
1956-1985 30 53.7 1.81 
1.50 59 3.36 0.001 t(59)=3.36,p=.001 1.50 1986-2016 31 55.2 1.71 
Sault Ste Marie 
1956-1985 30 49 1.56 
1.40 59 3.61 0.001 t(59)=3.61,p=.001 1.40 1986-2016 31 50.4 1.47 
Shreveport 
1956-1985 30 67.2 1.19 
0.50 59 1.4 0.168 t(59)=1.40,p=.168 0.50 1986-2016 31 67.7 1.52 
Sioux City 
1956-1985 30 56.3 1.83 
1.20 59 2.64 0.011 t(59)=2.64,p=.011 1.20 1986-2016 31 57.5 1.58 
Sioux Falls 
1956-1985 30 53.4 2.08 
2.10 59 4.34 <.001 t(59)=4.34,p=<.001 2.10 1986-2016 31 55.5 1.59 
South Bend 
1956-1985 30 56 1.89 
0.70 59 1.74 0.087 t(59)=1.74,P=.087 0.70 1986-2016 31 56.7 1.4 
Springfield IL 
1956-1985 30 59.3 1.68 
0.90 59 2.06 0.043 t(59)=2.01,p=.043 0.90 1986-2016 31 60.2 1.76 
Springfield MO 
1956-1985 30 60.7 1.95 
1.10 59 2.33 0.023 t(59)=2.33,p=.023 1.10 1986-2016 31 61.8 1.59 
St Cloud 
1956-1985 30 52.1 1.65 
1.30 59 3.03 0.004 t(59)=3.03,p=.004 1.30 1986-2016 31 53.4 1.57 
St Louis 
1956-1985 30 61.1 1.81 
0.30 59 0.625 0.534 t(59)=.625,p=.534 0.30 1986-2016 31 61.4 1.77 
Tallahassee 
1956-1985 30 69 1.14 
-0.20 59 0.529 0.599 t(59)=.529,p=.599 -0.20 1986-2016 31 68.8 1.11 
Topeka 
1956-1985 30 60.7 1.62 
0.80 59 1.97 0.053 t(59)=1.97,p=.053 0.80 1986-2016 31 61.5 1.42 
Traverse City 
1956-1985 30 51.7 1.69 
1.10 59 2.61 0.012 t(59)=2.61,p=.012 1.10 1986-2016 31 52.8 1.45 
Tulsa 
1956-1985 30 63.7 1.66 
0.50 59 0.984 0.329 t(59)=.984,p=.329 0.50 1986-2016 31 64.2 1.68 
Victoria 
1956-1985 30 70.6 0.888 
0.90 59 3.68 0.001 t(59)=3.68,p=.001 0.90 1986-2016 31 71.5 1.02 
Waco 
1956-1985 30 66 1.49 
0.70 59 1.88 0.066 t(59)=1.88,p=.066 0.70 1986-2016 31 66.7 1.78 
Wichita 
1956-1985 30 59.3 2.06 
1.90 59 4.05 <.001 t(59)=4.05,p=<.001 1.90 1986-2016 31 61.2 1.49 
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Wichita Falls 
 
 
1956-1985 30 62.2 1.7 
0.70 59 1.48 0.145 t(59)=1.48,p=.145 0.70 1986-2016 31 62.9 2.13 
Youngstown 
1956-1985 30 54.6 1.61 
1.50 59 3.95 <.001 t(59)=3.95,p=<.001 1.50 1986-2016 31 56.1 1.35 
 
 
 
 
Maximum 
Temperature           
Station Period n μ SD Δμ df t p T-Test Summary Δ°F 
Akron 
1956-1985 30 84.2 1.80 
1.60 59 3.33 <.001 t(59)= 3.33,p=<.001 1.60 1986-2016 31 85.8 1.94 
Atlanta 
1956-1985 30 84.2 1.80 
1.60 59 3.33 <.001 t(59)= 3.33,p=<.001 1.60 1986-2016 31 85.8 1.94 
Baton Rouge 
1956-1985 30 88.8 1.29 
1.05 59 3.34 <.001 t(59)= 3.34,p=<.001 1.05 1986-2016 31 89.9 1.17 
Birmingham 
1956-1985 30 86.4 1.79 
1.06 59 2.24 0.03 t(59)= 2.24,p=.030 1.06 1986-2016 31 87.5 1.91 
Chattanooga 
1956-1985 30 84.8 1.86 
1.64 59 3.09 <.001 t(59)= 3.09,p=<.001 1.64 1986-2016 31 86.5 2.26 
Columbus 
1956-1985 30 79.4 1.69 
1.11 59 2.29 0.03 t(59)= 2.29,p=.030 1.11 1986-2016 31 80.5 2.08 
Dayton 
1956-1985 30 79.5 1.54 
0.18 59 0.4 0.69 t(59)= .400,p=.690 0.18 1986-2016 31 79.7 2.02 
Des Moines 
1956-1985 30 80.0 1.54 
0.25 59 0.52 0.61 t(59)= .520,p=.610 0.25 1986-2016 31 80.2 2.15 
Duluth 
1956-1985 30 69.0 1.44 
1.18 59 2.74 0.01 t(59)= 2.74,p=.010 1.18 1986-2016 31 70.2 1.88 
Evansville 
1956-1986 30 84.8 1.49 
0.98 59 2.55 0.01 t(59)= 2.55,p=.010 1.12 1986-2016 31 85.9 1.90 
Fargo 
1956-1985 30 75.6 1.72 
0.96 59 1.99 0.05 t(59)= 1.99,p=.050 0.96 1986-2016 31 76.5 2.01 
Flint 
1956-1985 30 75.2 1.29 
2.02 49 4.45 <.001 t(49)=4.45,p=<.001 2.03 1986-2016 31 77.2 2.15 
Fort Smith 
1956-1985 30 87.7 2.22 
0.91 59 1.57 0.12 t(59)= 1.57,p=.120 0.90 1986-2016 31 88.6 2.30 
Fort Wayne 
1956-1985 30 78.6 1.60 
0.65 55 1.34 0.18 t(55)= 1.34,p=.180 0.65 1986-2016 31 79.3 2.15 
Green Bay 
1956-1985 30 74.2 1.33 
0.95 59 2.27 0.03 t(59)= 2.27,p=.030 0.96 1986-2016 31 75.2 1.90 
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Huron 
 
 
1956-1985 30 79.5 1.98 
-0.29 59 0.53 0.6 t(59)= .530,p=.600 -0.29 1986-2016 31 79.2 2.22 
Indianapolis 
1956-1985 30 80.2 1.47 
0.49 53 1.03 0.3 t(53)= 1.03,p=.300 0.49 1986-2016 31 80.7 2.14 
International 
Falls 
1956-1985 30 71.0 1.65 
0.72 59 1.61 0.11 t(59)= 1.61,p=.110 0.72 1986-2016 31 71.7 1.86 
Knoxville 
1956-1985 30 83.3 1.78 
1.24 59 2.57 0.01 t(59)= 2.57,p=.010 1.24 1986-2016 31 84.6 1.98 
Lexington 
1956-1985 30 80.9 1.67 
0.90 59 1.89 0.06 t(59)= 1.89,p=.060 0.91 1986-2016 31 81.8 2.05 
Little Rock 
1956-1985 30 87.6 1.75 
0.86 59 1.96 0.05 t(59)= 1.96,p=.050 0.94 1986-2016 31 88.6 1.99 
Louisville 
1956-1985 30 82.6 1.71 
1.48 59 3.02 <.001 t(59)= 3.02,p=<.001 1.48 1986-2016 31 84.1 2.08 
Lufkin 
1956-1985 30 90.1 1.74 
0.97 59 2.06 0.04 t(59)= 2.06,p=.040 0.97 1986-2016 31 91.0 1.92 
Madison 
1956-1985 30 76.8 1.53 
0.09 59 0.2 0.84 t(59)= .200,p=.840 0.09 1986-2016 31 76.9 2.02 
Mason City 
1956-1985 30 77.1 1.42 
0.46 59 1.04 0.3 t(59)= 1.04,p=.300 0.46 1986-2016 31 77.6 1.96 
Meridian 
1956-1985 30 88.9 1.75 
0.42 59 0.98 0.33 t(59)= .980,p=.330 0.42 1986-2016 31 89.3 1.58 
Milwaukee 
1956-1985 30 73.7 1.40 
1.08 53 2.4 0.02 t(53)= 2.40,p=.020 1.08 1986-2016 31 74.8 2.05 
Minneapolis  
1956-1985 30 76.4 1.61 
0.86 59 1.55 0.13 t(59)= 1.55,p=.130 0.71 1986-2016 31 77.1 1.95 
Mobile 
1956-1985 30 88.4 1.28 
0.33 59 1.12 0.27 t(59)= 1.12,p=.270 0.34 1986-2016 31 88.8 1.03 
Moline 
1956-1985 30 79.8 1.34 
0.74 59 1.72 0.09 t(59)= .090,p=.090 0.74 1986-2016 31 80.6 1.93 
Montgomery 
1956-1985 30 88.2 1.57 
1.61 59 3.79 <.001 t(59)= 3.79,p=<.001 1.61 1986-2016 31 89.9 1.73 
Muskegon 
1956-1985 30 74.4 1.13 
0.70 51 1.82 0.07 t(51)= 1.82,p=.070 0.70 1986-2016 31 75.1 1.79 
Nashville 
1956-1985 30 85.0 1.70 
0.77 59 1.65 0.1 t(59)= 1.65,p=.100 0.77 1986-2016 31 85.8 1.93 
New Orleans 
1956-1985 30 88.1 1.35 
1.09 59 3.52 <.001 t(59)= 3.52,p=<.001 1.08 1986-2016 31 89.2 1.05 
Oklahoma City 
1956-1985 30 87.2 1.98 
0.68 59 1.21 0.23 t(59)= 1.21,p=.230 0.68 1986-2016 31 87.8 2.37 
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Peoria 
 
 
1956-1985 30 79.8 1.49 
0.94 59 1.85 0.07 t(59)= 1.85,p=.070 0.86 1986-2016 31 80.7 2.09 
Port Arthur 
1956-1985 30 88.9 1.66 
0.93 59 2.6 0.01 t(59)= 2.60,p=.010 0.93 1986-2016 31 89.8 1.08 
Rochester 
1956-1985 30 75.1 1.59 
0.07 59 0.14 0.89 t(59)= .140,p=.890 0.07 1986-2016 31 75.2 2.05 
Sault Ste Marie 
1956-1985 30 68.9 1.58 
1.49 59 3.26 <.001 t(59)= 3.26,p=<.001 1.49 1986-2016 31 70.4 1.95 
Shreveport 
1956-1985 30 89.2 1.94 
1.28 59 2.52 0.01 t(59)= 2.52,p=.010 1.28 1986-2016 31 90.4 2.04 
Sioux City 
1956-1985 30 80.0 1.41 
0.47 59 1.04 0.3 t(59)= 1.04,p=.300 0.47 1986-2016 31 80.5 2.08 
Sioux Falls 
1956-1985 30 78.7 1.82 
-0.45 59 0.87 0.39 t(59)= .870,p=.390 -0.45 1986-2016 31 78.2 2.19 
South Bend 
1956-1985 30 77.3 1.56 
0.77 59 1.64 0.1 t(59)= 1.64,p=.100 0.76 1986-2016 31 78.1 2.04 
Springfield IL 
1956-1985 30 81.8 1.49 
0.14 59 0.3 0.76 t(59)= .300,p=.760 0.13 1986-2016 31 81.9 1.95 
St Cloud 
1956-1985 30 75.0 1.46 
0.99 59 2.27 0.03 t(59)= 2.27,p=.030 0.99 1986-2016 31 76.0 1.91 
St Louis 
1956-1985 30 83.2 1.58 
1.02 59 2.31 0.02 t(59)= 2.31,p=.020 1.01 1986-2016 31 84.2 1.83 
Tallahassee 
1956-1985 30 89.0 1.01 
1.72 59 5.43 <.001 t(59)= 5.43,p=<.001 1.72 1986-2016 31 90.7 1.42 
Topeka 
1956-1985 30 83.3 2.10 
1.06 59 1.96 0.05 t(59)= 1.96,p=.050 1.06 1986-2016 31 84.4 2.12 
Traverse City 
1956-1985 30 74.0 1.44 
1.12 59 2.3 0.03 t(59)= 2.30,p=.030 0.98 1986-2016 31 75.0 1.86 
Tulsa 
1956-1985 30 87.7 2.25 
0.02 59 0.04 0.97 t(59)= .040,p=.970 0.02 1986-2016 31 87.7 2.09 
Waco 
1956-1985 30 91.8 2.01 
0.71 59 1.72 0.09 t(59)= .090,p=.090 0.86 1986-2016 31 92.6 1.87 
Wichita 
1956-1985 30 85.9 1.64 
0.26 59 0.48 0.64 t(59)= .480,p=.640 0.50 1986-2016 31 86.4 2.52 
Wichita Falls 
1956-1985 30 91.9 2.01 
0.49 59 0.87 0.39 t(59)= .870,p=.390 -0.26 1986-2016 31 91.7 2.38 
Youngstown 
1956-1985 30 75.8 1.29 
1.18 52 2.81 0.01 t(52)= 2.81,p=.010 1.18 1986-2016 31 77.0 1.93 
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Minimum 
Temperature 
Station Period n μ SD Δμ df t p T-Test Summary Δ°F 
Akron 
1956-1985 30 55.9 1.52 
1.03 59 2.84 0.01 t(59)= 2.84,p=.010 1.09 1986-2016 31 57.0 1.49 
Atlanta 
1956-1985 30 65.2 1.55 
2.16 59 6.12 <.001 t(59)= 6.12,p=<.001 2.16 1986-2016 31 67.4 1.19 
Baton Rouge 
1956-1985 30 69.6 1.11 
0.81 59 2.91 0.01 t(59)= 2.91,p=.010 0.81 1986-2016 31 70.4 1.05 
Birmingham 
1956-1985 30 65.1 1.54 
1.48 59 3.99 <.001 t(59)= 3.99,p=<.001 1.57 1986-2016 31 66.7 1.54 
Chattanooga 
1956-1985 30 63.2 1.72 
2.39 59 5.44 <.001 t(59)= 5.44,p=<.001 2.21 1986-2016 31 65.4 1.44 
Columbus 
1956-1985 30 57.6 1.53 
1.97 59 6.08 <.001 t(59)= 6.08,p=<.001 2.40 1986-2016 31 60.0 1.56 
Dayton 
1956-1985 30 58.5 1.51 
0.95 59 2.46 0.02 t(59)= 2.46,p=.020 0.87 1986-2016 31 59.4 1.25 
Des Moines 
1956-1985 30 59.3 1.45 
0.96 59 2.54 0.01 t(59)= 2.54,p=.010 1.01 1986-2016 31 60.3 1.65 
Duluth 
1956-1985 30 47.7 1.34 
2.07 59 5.28 <.001 t(59)= 5.28,p=<.001 1.97 1986-2016 31 49.7 1.56 
Evansville 
1956-1986 30 61.2 1.42 
1.53 59 4.64 <.001 t(59)= 4.64,p=<.001 1.93 1986-2016 31 63.2 1.82 
Fargo 
1956-1985 30 51.6 1.42 
1.94 59 4.46 <.001 t(59)= 4.46,p=<.001 1.71 1986-2016 31 53.3 1.58 
Flint 
1956-1985 30 53.5 1.52 
0.88 59 2.45 0.02 t(59)= 2.45,p=.020 0.95 1986-2016 31 54.4 1.52 
Fort Smith 
1956-1985 30 65.0 1.50 
1.50 59 4.5 <.001 t(59)= 4.50,p=.<001 1.76 1986-2016 31 66.8 1.55 
Fort Wayne 
1956-1985 30 56.9 1.52 
0.47 59 1.28 0.2 t(59)= 1.28,p=.200 0.47 1986-2016 31 57.4 1.36 
Green Bay 
1956-1985 30 51.9 1.45 
1.62 59 3.79 <.001 t(59)= 3.79,p=<.001 1.46 1986-2016 31 53.4 1.54 
Huron 
1956-1985 30 53.1 1.55 
1.50 59 3.86 <.001 t(59)= 3.86,p=<.001 1.53 1986-2016 31 54.6 1.54 
Indianapolis 
1956-1985 30 59.1 1.47 
1.76 59 4.08 <.001 t(59)= 4.08,p=<.001 1.62 1986-2016 31 60.8 1.63 
International 
Falls 
1956-1985 30 47.0 1.59 
0.09 59 0.21 0.83 t(59)= 0.21,p=.830 0.09 1986-2016 31 47.1 1.68 
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Knoxville 
 
 
1956-1985 30 63.1 1.90 
0.66 51 1.61 0.11 t(51)= 1.61,p=.110 0.67 1986-2016 31 63.8 1.27 
Lexington 
1956-1985 30 60.7 1.38 
0.86 59 2.45 0.02 t(59)= 2.45,p=.020 0.81 1986-2016 31 61.5 1.17 
Little Rock 
1956-1985 30 66.3 1.57 
1.20 59 3.74 <.001 t(59)= 3.74,p=<.001 1.48 1986-2016 31 67.8 1.52 
Louisville 
1956-1985 30 62.1 1.58 
2.41 59 6.46 <.001 t(59)= 6.46,p=<.001 2.65 1986-2016 31 64.8 1.63 
Lufkin 
1956-1985 30 68.6 1.17 
0.53 59 1.64 0.11 t(59)= 1.64,p=.110 0.53 1986-2016 31 69.1 1.35 
Madison 
1956-1985 30 52.2 1.69 
2.79 59 6.66 <.001 t(59)= 6.66,p=<.001 2.79 1986-2016 31 55.0 1.58 
Mason City 
1956-1985 30 54.5 1.40 
0.03 59 0.09 0.92 t(59)= 0.09,p=.920 0.03 1986-2016 31 54.5 1.43 
Meridian 
1956-1985 30 65.7 1.57 
0.67 59 1.94 0.06 t(59)= 1.94,p=.060 0.68 1986-2016 31 66.3 1.11 
Milwaukee 
1956-1985 30 54.7 1.43 
2.88 59 6.99 <.001 t(59)= 6.99,p=<.001 2.88 1986-2016 31 57.6 1.76 
Minneapolis  
1956-1985 30 55.5 1.55 
2.21 59 5.03 <.001 t(59)= 5.03,p=<.001 2.21 1986-2016 31 57.7 1.86 
Mobile 
1956-1985 30 70.0 1.36 
-0.26 48 0.9 0.37 t(48)= 0.90,p=.370 -0.26 1986-2016 31 69.7 0.84 
Moline 
1956-1985 30 57.8 1.36 
0.69 59 1.9 0.06 t(59)= 1.90,p=.060 0.74 1986-2016 31 58.6 1.65 
Montgomery 
1956-1985 30 67.6 1.35 
0.19 59 0.59 0.56 t(59)= 0.59,p=.560 0.19 1986-2016 31 67.8 1.21 
Muskegon 
1956-1985 30 54.1 1.22 
1.39 59 2.97 <.001 t(59)= 2.97,p=<.001 1.20 1986-2016 31 55.3 1.86 
Nashville 
1956-1985 30 63.7 1.37 
1.25 59 4.38 <.001 t(59)= 4.38,p=<.001 1.39 1986-2016 31 65.1 1.10 
New Orleans 
1956-1985 30 70.4 1.55 
1.71 59 5.77 <.001 t(59)= 5.77,p=<.001 2.39 1986-2016 31 72.8 1.68 
Oklahoma City 
1956-1985 30 65.1 1.52 
0.80 59 2.48 0.02 t(59)= 2.48,p=.020 0.95 1986-2016 31 66.1 1.48 
Peoria 
1956-1985 30 58.4 1.48 
1.57 59 3.71 <.001 t(59)= 3.71,p=<.001 1.50 1986-2016 31 59.9 1.66 
Port Arthur 
1956-1985 30 71.1 1.36 
0.78 48 2.7 0.01 t(48)= 2.70,p=.010 0.78 1986-2016 31 71.9 0.84 
Rochester 
1956-1985 30 53.2 1.43 
1.45 59 3.94 <.001 t(59)= 3.94,p=<.001 1.50 1986-2016 31 54.7 1.54 
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Sault Ste Marie 
 
 
1956-1985 30 46.6 1.45 
2.72 52 5.65 <.001 t(52)= 5.65,p=<.001 2.73 1986-2016 31 49.3 2.22 
Shreveport 
1956-1985 30 68.2 1.44 
0.95 59 3.47 <.001 t(59)= 3.47,p=<.001 1.24 1986-2016 31 69.5 1.35 
Sioux City 
1956-1985 30 57.6 1.10 
-0.53 59 1.57 0.12 t(59)= 1.57,p=.120 -0.53 1986-2016 31 57.1 1.49 
Sioux Falls 
1956-1985 30 54.4 1.50 
1.24 59 2.72 0.01 t(59)= 2.72,p=.010 1.03 1986-2016 31 55.5 1.45 
South Bend 
1956-1985 30 57.0 1.50 
0.39 59 1.04 0.3 t(59)= 1.04,p=.300 0.39 1986-2016 31 57.3 1.40 
Springfield IL 
1956-1985 30 59.9 1.41 
0.36 59 0.92 0.36 t(59)= 0.92,p=.360 0.36 1986-2016 31 60.2 1.66 
St Cloud 
1956-1985 30 51.4 1.33 
1.01 59 2.27 0.03 t(59)= 2.27,p=.030 0.88 1986-2016 31 52.3 1.67 
St Louis 
1956-1985 30 62.7 1.77 
2.65 59 6.63 <.001 t(59)= 6.63,p=<.001 2.73 1986-2016 31 65.5 1.44 
Tallahassee 
1956-1985 30 68.3 1.10 
0.83 59 2.49 0.02 t(59)= 2.49,p=.020 0.83 1986-2016 31 69.1 1.48 
Topeka 
1956-1985 30 60.9 1.40 
1.09 59 3.19 <.001 t(59)= 3.19,p=<.001 1.24 1986-2016 31 62.2 1.65 
Traverse City 
1956-1985 30 50.7 1.66 
2.22 59 4.84 <.001 t(59)= 4.84,p=<.001 2.08 1986-2016 31 52.8 1.69 
Tulsa 
1956-1985 30 66.3 2.02 
0.74 59 1.92 0.06 t(59)= 1.92,p=.060 0.86 1986-2016 31 67.2 1.42 
Waco 
1956-1985 30 70.7 1.48 
-0.38 59 1.08 0.29 t(59)= 1.08,p=.290 -0.38 1986-2016 31 70.3 1.28 
Wichita 
1956-1985 30 63.1 1.59 
0.87 59 2.86 0.01 t(59)= 2.86,p=.010 0.96 1986-2016 31 64.0 1.42 
Wichita Falls 
1956-1985 30 66.7 1.79 
1.11 59 2.34 0.02 t(59)= 2.34,p=.020 1.11 1986-2016 31 67.9 1.40 
Youngstown 
1956-1985 30 53.9 1.34 
2.74 59 2.04 0.05 t(59)= 2.04,p=.050 0.68 1986-2016 31 54.6 1.29 
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Vapor Pressure 
Deficit 
Station Period n μ SD Δμ df t p T-Test Summary %Δ 
Akron 
1956-1985 30 0.85 0.09 
-0.02 49.176 0.53 0.60 t(49)=.531,p=.600 -1.97 1986-2016 31 0.84 0.15 
Atlanta 
1956-1985 30 0.94 0.12 
0.16 59 3.65 <.001 t(59)=3.65,p=<.001 16.55 1986-2016 31 1.10 0.20 
Baton Rouge 
1956-1985 30 1.13 0.10 
0.01 53.881 0.42 0.68 t(54)=.415,p=.680 1.13 1986-2016 31 1.15 0.14 
Birmingham 
1956-1985 30 1.11 0.17 
0.11 59 2.15 0.04 t(59)=2.15,p=.040 9.48 1986-2016 31 1.21 0.21 
Chattanooga 
1956-1985 30 1.03 0.14 
0.14 59 3.15 0.00 t(59)=3.15,p=.000 13.80 1986-2016 31 1.17 0.21 
Columbus 
1956-1985 30 0.92 0.10 
0.08 59 2.30 0.03 t(59)=2.30,p=.030 8.47 1986-2016 31 1.00 0.16 
Dayton 
1956-1985 30 0.97 0.10 
-0.03 52.795 0.82 0.42 t(53)=.821,p=.420 -2.65 1986-2016 31 0.95 0.14 
Des Moines 
1956-1985 30 1.02 0.13 
-0.02 54.541 0.62 0.54 t(55)=.621,p=.540 -2.40 1986-2016 31 0.99 0.18 
Duluth 
1956-1985 30 0.65 0.08 
0.01 58.976 0.42 0.68 t(59)=.420,p=.680 1.27 1986-2016 31 0.66 0.08 
Fargo 
1956-1985 30 0.90 0.13 
0.02 58.91 0.72 0.47 t(59)=.724,p=.470 2.63 1986-2016 31 0.92 0.13 
Flint 
1956-1985 30 0.78 0.07 
0.06 59 2.14 0.04 t(59)=2.14,p=.040 7.59 1986-2016 31 0.84 0.13 
Fort Smith 
1956-1985 30 1.25 0.19 
0.05 55.599 0.89 0.38 t(56)=.894,p=.380 3.98 1986-2016 31 1.30 0.25 
Fort Wayne 
1956-1985 30 0.92 0.09 
-0.04 48.104 1.16 0.25 t(48)=1.16,p=.250 -4.11 1986-2016 31 0.88 0.16 
Green Bay 
1956-1985 30 0.72 0.08 
0.00 52.243 0.04 0.97 t(52)=.037,p=.970 0.12 1986-2016 31 0.72 0.11 
Huron 
1956-1985 30 1.02 0.16 
-0.06 58.147 1.59 0.12 t(58)=1.59,p=.120 -6.26 1986-2016 31 0.96 0.15 
Indianapolis 
1956-1985 30 0.90 0.12 
0.08 52.106 1.97 0.05 t(52)=1.97,p=.050 8.36 1986-2016 31 0.98 0.18 
International 
Falls 
1956-1985 30 0.69 0.09 
-0.03 56.114 1.20 0.24 t(56)=1.20,p=.240 -3.74 1986-2016 31 0.66 0.08 
Knoxville 
1956-1985 30 0.99 0.13 
0.07 56.241 1.85 0.07 t(56)=1.85,p=.070 7.24 1986-2016 31 1.06 0.17 
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Lexington 
 
 
1956-1985 30 0.96 0.13 
0.00 55.789 0.06 0.95 t(56)=.058,p=.950 0.23 1986-2016 31 0.97 0.17 
Little Rock 
1956-1985 30 1.20 0.14 
0.07 54.973 1.49 0.14 t(55)=1.49,p=.140 5.43 1986-2016 31 1.27 0.20 
Louisville 
1956-1985 30 1.02 0.11 
0.15 59 3.53 <.001 t(59)=3.53,p=<.001 14.42 1986-2016 31 1.17 0.20 
Lufkin 
1956-1985 30 1.23 0.15 
0.06 50.864 1.12 0.27 t(51)=1.12,p=.270 4.60 1986-2016 31 1.28 0.24 
Madison 
1956-1985 30 0.81 0.11 
0.00 57.759 0.02 0.98 t(58)=.021,p=.980 0.09 1986-2016 31 0.81 0.13 
Mason City 
1956-1985 30 0.83 0.10 
0.03 43.978 0.75 0.46 t(44)=.749,p=.460 3.59 1986-2016 31 0.86 0.20 
Meridian 
1956-1985 30 1.17 0.14 
0.01 58.495 0.18 0.86 t(59)=.184,p=.860 0.59 1986-2016 31 1.17 0.15 
Milwaukee 
1956-1985 30 0.71 0.08 
0.09 59 3.24 <.001 t(59)=3.24,p=.000 12.05 1986-2016 31 0.79 0.12 
Minneapolis  
1956-1985 30 0.93 0.12 
0.05 56.788 1.32 0.19 t(57)=1.32,p=.190 4.95 1986-2016 31 0.97 0.15 
Mobile 
1956-1985 30 1.17 0.11 
-0.06 58.84 2.00 0.05 t(59)=2.00,p=.050 -5.10 1986-2016 31 1.11 0.12 
Moline 
1956-1985 30 0.95 0.09 
-0.01 48.395 0.36 0.72 t(48)=.363,p=.720 -1.19 1986-2016 31 0.94 0.15 
Montgomery 
1956-1985 30 1.20 0.15 
0.08 55.209 1.89 0.06 t(55)=1.89,p=.060 7.03 1986-2016 31 1.28 0.20 
Muskegon 
1956-1985 30 0.76 0.07 
0.00 52.519 0.00 1.00 t(53)=.002,p=1.00 0.01 1986-2016 31 0.76 0.11 
Nashville 
1956-1985 30 1.07 0.13 
0.11 59 2.68 0.01 t(59)=2.68,p=.010 10.50 1986-2016 31 1.19 0.19 
New Orleans 
1956-1985 30 1.00 0.10 
0.12 59 3.69 <.001 t(59)=3.69,p=<.001 12.16 1986-2016 31 1.12 0.15 
Oklahoma City 
1956-1985 30 1.38 0.24 
0.00 58.585 0.07 0.95 t(59)=.067,p=.950 0.31 1986-2016 31 1.38 0.27 
Peoria 
1956-1985 30 0.94 0.10 
0.01 47.334 0.31 0.76 t(47)=.305,p=.760 1.20 1986-2016 31 0.95 0.18 
Port Arthur 
1956-1985 30 0.99 0.14 
0.09 59 2.42 0.02 t(59)=2.42,p=.020 8.84 1986-2016 31 1.08 0.14 
Rochester 
1956-1985 30 0.78 0.09 
-0.03 54.066 1.09 0.28 t(54)=1.09,p=.280 -4.13 1986-2016 31 0.74 0.13 
Sault Ste Marie 
1956-1985 30 0.56 0.08 
0.06 59 2.80 0.01 t(59)=2.80,p=.010 10.62 1986-2016 31 0.62 0.09 
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Shreveport 
   
 
 1956-1985 30 1.25 0.18 
0.11 53.975 1.94 0.06 t(54)=1.94,p=.060 8.94 1986-2016 31 1.36 0.26 
Sioux City 
1956-1985 30 1.01 0.14 
-0.05 58.993 1.27 0.21 t(59)=1.27,p=.210 -4.51 1986-2016 31 0.96 0.14 
Sioux Falls 
1956-1985 30 1.00 0.16 
-0.10 58.586 2.47 0.02 t(59)=2.47,p=.020 -10.12 1986-2016 31 0.90 0.16 
South Bend 
1956-1985 30 0.86 0.11 
0.02 57.462 0.56 0.58 t(58)=.562,p=.580 1.97 1986-2016 31 0.88 0.13 
Springfield IL 
1956-1985 30 1.01 0.11 
-0.03 52.29 0.88 0.38 t(52)=.883,p=.380 -3.14 1986-2016 31 0.98 0.17 
St Cloud 
1956-1985 30 0.80 0.10 
0.01 56.543 0.48 0.63 t(57)=.484,p=.630 1.69 1986-2016 31 0.82 0.12 
St Louis 
1956-1985 30 1.08 0.15 
0.15 59 3.33 0.00 t(59)=3.33,p=.000 13.70 1986-2016 31 1.22 0.19 
Tallahassee 
1956-1985 30 1.09 0.10 
0.18 59 5.53 0.00 t(59)=5.53,p=.000 16.22 1986-2016 31 1.27 0.15 
Topeka 
1956-1985 30 1.05 0.17 
0.06 58.859 1.34 0.19 t(59)=1.34,p=.190 5.68 1986-2016 31 1.11 0.17 
Traverse City 
1956-1985 30 0.76 0.08 
0.05 59 2.17 0.03 t(59)=2.17,p=.030 6.77 1986-2016 31 0.81 0.10 
Tulsa 
1956-1985 30 1.33 0.23 
0.00 58.957 0.05 0.96 t(59)=.051,p=.960 0.23 1986-2016 31 1.33 0.23 
Waco 
1956-1985 30 1.65 0.24 
-0.01 58.378 0.10 0.92 t(58)=.099,p=.920 -0.39 1986-2016 31 1.64 0.28 
Wichita 
1956-1985 30 1.77 0.24 
-0.02 51.353 0.26 0.80 t(51)=.256,p=.800 -1.15 1986-2016 31 1.75 0.37 
Wichita Falls 
1956-1985 30 1.38 0.22 
-0.05 58.793 0.83 0.41 t(59)=.825,p=.410 -3.47 1986-2016 31 1.33 0.24 
Youngstown 
1956-1985 30 0.78 0.08 
0.00 52.031 0.12 0.90 t(52)=.124,p=.900 0.41 1986-2016 31 0.78 0.12 
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Appendix B- Dew point record change point analysis for all NWS FOS.  
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Appendix C- Interpolated images showing dew point, maximum/minimum temperature, and vapor 
pressure deficit from NWS FOS point location station data.  
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Appendix D- State compiled dew point temperature change points (aggregated to USDA Census of 
Agriculture periods) with corn and soybean yield per acre change points.   
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Appendix E- 2017 field work results, multivariable transpiritive flux, leaf to canopy model.   
Corn Field 1           
Date  6/15/17 6/26/17 7/3/17 7/13/17 7/29/17 8/4/17 8/22/17 9/3/17 9/17/17 
Time 2:22pm 1:38pm 1:21pm 12:39pm 1:35pm 1:15pm 12:57pm 12:56pm 1:04pm 
Growth Stage V4 V8 V11 V13 R2 R3 R4 R5 late R5 
Ambient Conditions                   
Ambient Temp (F) 81.00 70.00 79.00 66.00 79.00 73.00 72.00 80.00 59.00 
Ambient Temp (C) 27.22 21.11 26.11 18.89 26.11 22.78 22.22 26.67 15.00 
Dew Point Temp (F) 52.00 39.00 52.00 55.00 54.00 48.00 48.00 63.00 43.00 
Dew Point Temp (C) 11.11 3.89 11.11 12.78 12.22 8.89 8.89 17.22 6.11 
Relative Humidity (%) 52.00 33.00 39.00 68.00 42.00 41.00 43.00 54.00 57.00 
Atm Pressure (kPa) 97.46 98.67 98.23 98.50 98.65 98.32 98.45 97.90 98.66 
Percent Sky Cover (%) 0.00 20.00 5.00 100.00 0.00 15.00 0.00 0 hazy  0.00 
Wind Speed (mph) 12.00 7.00 9.00 10.00 14.00 9.00 14.00 12.00 12.00 
Wind Direction NW N E NNW SSE N NW SSW WNW 
Vapor Pressure                    
es air (kPa) 3.61 2.50 3.38 2.18 3.38 2.77 2.68 3.50 1.71 
ea air (kPa) 1.32 0.81 1.32 1.48 1.42 1.14 1.14 1.96 0.94 
Calculated Atmospheric VPD (kPa) 2.29 1.70 2.06 0.71 1.96 1.63 1.54 1.53 0.76 
Measured Values                   
Soil Moisture 1 (m3/m3) X 0.263 0.248 0.282 0.213 0.213 0.134 0.262 0.121 
Soil Moisture 2 (m3/m3) X 0.182 0.216 0.281 0.210 0.158 0.242 0.271 0.164 
Soil Moisture 3 (m3/m3) X 0.214 0.204 0.269 0.229 0.203 0.280 0.283 0.149 
Average Soil Moisture (m3/m3) X 0.220 0.223 0.277 0.217 0.191 0.219 0.272 0.145 
IRGA Readings                   
Upper Photo 1 46.20 41.10 48.80 17.50 33.60 29.90 27.80 34.10 13.90 
Upper Photo 2 43.20 44.10 49.00 16.20 43.70 36.70 32.20 27.30 22.80 
Upper Photo 3 45.40 44.40 52.90 22.10 43.50 33.70 30.20 32.80 19.10 
Upper Photo 4 45.90 47.10 47.10 17.90 40.90 36.30 31.30 29.60 25.00 
Upper Photo 5 45.50 49.30 49.60 17.90 33.00 36.70 34.20 30.80 15.20 
Upper Photo 6 43.20 41.90 53.10 17.00 39.40 34.40 33.00 36.40 18.50 
Upper Photo 7 40.00 44.50 52.00 19.60 41.70 31.80 37.80 32.00 24.70 
Upper Photo 8 40.90 47.40 51.20 16.40 38.80 32.90 32.10 29.90 20.50 
Avg Upper Photo (umol CO2/m2/s) 43.79 44.98 50.46 18.08 39.33 34.05 32.33 31.61 19.96 
Upper Plant Photo (umol CO2 plant/s) 0.710 1.411 3.566 1.474 3.310 2.859 2.649 2.284 1.055 
Upper Cond 1 1.730 0.930 0.364 0.141 0.229 0.180 0.148 0.253 0.077 
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Upper Cond 2 1.180 0.903 0.347 0.118 0.371 0.229 0.191 0.183 0.118 
Upper Cond 3 1.620 1.060 0.432 0.165 0.349 0.189 0.215 0.219 0.091 
Upper Cond 4 1.830 1.030 0.322 0.158 0.258 0.210 0.187 0.180 0.119 
Upper Cond 5 1.590 1.120 0.348 0.155 0.218 0.217 0.257 0.209 0.126 
Upper Cond 6 1.130 1.050 0.423 0.131 0.292 0.188 0.214 0.238 0.094 
Upper Cond 7 1.050 0.926 0.372 0.166 0.296 0.226 0.276 0.246 0.122 
Upper Cond 8 1.100 1.320 0.418 0.140 0.287 0.205 0.203 0.215 0.102 
Avg Upper Cond (mol H2O/m2/s) 1.404 1.042 0.378 0.147 0.288 0.206 0.211 0.218 0.106 
Upper Plant Cond (mol H2O plant/s) 0.023 0.033 0.027 0.012 0.024 0.017 0.017 0.016 0.006 
Upper Transpiration 1 9.12 7.59 7.16 1.97 5.34 4.42 2.93 5.24 1.44 
Upper Transpiration 2 8.73 7.78 6.99 1.72 7.24 5.27 3.70 4.24 2.23 
Upper Transpiration 3 9.42 8.24 7.93 2.25 7.10 4.66 3.91 4.88 1.89 
Upper Transpiration 4 9.56 8.57 6.84 2.12 6.20 5.33 3.42 4.37 2.28 
Upper Transpiration 5 9.53 8.87 7.16 2.05 5.72 5.34 4.53 4.78 1.98 
Upper Transpiration 6 9.31 7.70 7.85 1.93 7.17 4.85 4.15 5.16 1.97 
Upper Transpiration 7 8.83 7.38 7.62 2.21 7.26 5.23 4.95 5.27 2.43 
Upper Transpiration 8 9.38 8.13 7.67 2.00 7.06 4.66 4.18 4.98 1.87 
Avg Upper Trans (mmol H2O/m2/s) 9.24 8.03 7.40 2.03 6.64 4.97 3.97 4.87 2.01 
Upper Plant Trans (mmol H2O plant/s) 0.150 0.252 0.523 0.166 0.559 0.417 0.325 0.351 0.106 
Lower Photo 1 N/A N/A 3.31 3.15 2.39 3.87 8.08 3.98 4.19 
Lower Photo 2 N/A N/A 4.53 3.88 0.08 2.78 6.43 6.14 2.75 
Lower Photo 3 N/A N/A 5.92 5.36 2.21 1.74 4.42 3.40 5.03 
Lower Photo 4 N/A N/A 0.93 5.61 1.32 0.19 4.15 2.91 4.92 
Lower Photo 5 N/A N/A 5.56 7.21 4.62 2.50 2.44 7.57 6.07 
Lower Photo 6 N/A N/A 1.92 3.42 3.42 2.95 1.74 3.62 6.60 
Lower Photo 7 N/A N/A 2.34 5.43 2.42 2.76 3.18 2.33 3.97 
Lower Photo 8 N/A N/A 0.11 10.00 1.49 2.91 5.12 5.91 7.01 
Avg Lower Photo (umol CO2/m2/s) N/A N/A 3.08 5.51 2.24 2.46 4.45 4.48 5.07 
Lower Plant Photo (umol CO2 plant/s) N/A N/A 0.06 0.15 0.08 0.08 0.15 0.12 0.07 
Lower Cond 1 N/A N/A 0.05 0.12 0.049 0.036 0.04 0.03 0.03 
Lower Cond 2 N/A N/A 0.04 0.03 0.016 0.016 0.07 0.06 0.02 
Lower Cond 3 N/A N/A 0.06 0.06 0.026 0.012 0.05 0.03 0.03 
Lower Cond 4 N/A N/A 0.04 0.10 0.017 0.003 0.02 0.05 0.02 
Lower Cond 5 N/A N/A 0.04 0.09 0.039 0.013 0.02 0.08 0.11 
Lower Cond 6 N/A N/A 0.13 0.10 0.045 0.045 0.03 0.03 0.05 
Lower Cond 7 N/A N/A 0.05 0.05 0.024 0.010 0.03 0.04 0.05 
Lower Cond 8 N/A N/A 0.05 0.06 0.037 0.032 0.06 0.05 0.06 
Avg Lower Cond (mol H2O/m2/s) N/A N/A 0.06 0.08 0.032 0.021 0.039 0.046 0.045 
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Lower Cond (mol H2O plant/s) N/A N/A 0.00 0.00 0.001 0.001 0.001 0.001 0.001 
Lower Transpiration 1 N/A N/A 1.38 0.55 1.45 0.91 1.36 0.79 0.46 
Lower Transpiration 2 N/A N/A 1.20 0.95 0.51 0.46 0.83 1.40 0.37 
Lower Transpiration 3 N/A N/A 1.41 1.41 0.81 0.34 0.44 0.71 0.43 
Lower Transpiration 4 N/A N/A 1.05 1.31 0.52 0.08 0.77 1.31 0.29 
Lower Transpiration 5 N/A N/A 1.05 1.35 1.09 0.43 0.45 1.37 1.68 
Lower Transpiration 6 N/A N/A 2.94 0.80 1.15 1.13 0.57 0.67 0.84 
Lower Transpiration 7 N/A N/A 1.45 0.96 0.64 0.28 0.58 1.02 0.78 
Lower Transpiration 8 N/A N/A 1.38 1.61 0.92 0.65 1.15 1.18 0.99 
Avg Lower Trans (mmol H2O m2/s) N/A N/A 1.48 1.12 0.89 0.53 0.77 1.06 0.73 
Lower Trans (mmol H2O plant/s) N/A N/A 0.03 0.03 0.03 0.02 0.03 0.03 0.01 
                    
Leaf Area Upper (m2) 0.01622 0.03138 0.07066 0.08154 0.08418 0.08397 0.08196 0.07224 0.05287 
Leaf Area Lower (m2) N/A N/A 0.01979 0.02795 0.03375 0.03329 0.03387 0.02634 0.01363 
Total Leave Area per Plant 0.01622 0.03138 0.09045 0.10949 0.11793 0.11726 0.11583 0.09858 0.06650 
Leaf Area Index (LAI)   0.12425 0.24038 0.69287 0.83872 0.90337 0.89824 0.88726 0.75515 0.50941 
                    
Cosine of Zenth Solar Angle (u) 0.83910 0.89540 0.90800 0.92060 0.86710 0.87020 0.83010 0.78580 0.71840 
G(u) at 67.5° Leaf Angle 0.32356 0.32356 0.32356 0.32356 0.32356 0.32356 0.32356 0.32356 0.32356 
Kb 0.38561 0.36136 0.35635 0.35147 0.37316 0.37183 0.38979 0.41176 0.45040 
Sunlit Leaf Fraction 0.95 0.92 0.78 0.74 0.71 0.72 0.71 0.73 0.79 
Shaded Leaf Fraction 0.05 0.08 0.22 0.26 0.29 0.28 0.29 0.27 0.21 
                    
Total Plant Photo (umol CO2 plant/s) 0.710 1.411 3.627 1.628 3.386 2.941 2.800 2.402 1.124 
Total Plant Cond (mol H2O plant/s) 0.023 0.033 0.028 0.014 0.025 0.018 0.019 0.017 0.006 
Total Plant Trans (mmol H2O plant/s) 0.150 0.252 0.552 0.197 0.589 0.435 0.352 0.379 0.116 
                    
Population/Acre 32000 32000 32000 32000 32000 32000 32000 32000 32000 
                    
Total Photo/Acre (umol CO2 acre/s) 22727 45162 116052 52087 108359 94112 89598 76852 35982 
Total Cond/Acre (mol H2O acre/s) 728.60 1046.71 892.37 451.87 808.58 574.29 596.72 542.57 199.08 
Total Trans/Acre (mmol H2O acre/s) 4793 8066 17677 6300 18835 13922 11249 12135 3721 
                    
Total Trans (mL/acre/s) 86.35 145.31 318.45 113.50 339.32 250.81 202.65 218.62 67.04 
Total Trans (mL/acre/min) 5181 8718 19107 6810 20359 15048 12159 13117 4022 
Total Trans (mL/acre/hour) 310867 523107 1146422 408605 1221548 902904 729546 787014 241337 
Total Trans (mL/m2/hour)  76.82 129.26 283.29 100.97 301.85 223.11 180.27 194.48 59.64 
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Total Cond (mL/acre/s) 13126 18857 16076 8140 14567 10346 10750 9774 3586 
Total Cond (mL/acre/min) 787546 1131390 964567 488429 873994 620747 644995 586465 215181 
Total Cond (mL/acre/hour) 47252780 67883413 57873992 29305757 52439667 37244816 38699697 35187915 12910868 
Total Cond (mL/m2/hour)  11676 16774 14301 7242 12958 9203 9563 8695 3190 
                    
CO2 (mol/acre/s) 0.02273 0.04516 0.11605 0.05209 0.10836 0.09411 0.08960 0.07685 0.03598 
Air Temp in K 300.37 294.26 299.26 292.04 299.26 295.93 295.37 299.82 288.15 
CO2 (L/acre/s) 0.58241 1.11988 2.93973 1.28405 2.73317 2.35525 2.23512 1.95693 0.87379 
Pressure (atm) 0.96 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
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Corn Field 2 
Date   6/16/17 6/26/17 7/3/17 7/13/17 7/29/17 8/4/17 8/22/17 9/3/17 9/17/2017 
Time  12:35pm 12:35pm 12:50pm 12:12pm 12:23pm 12:20pm 12:25pm 12:21pm 12:27pm 
Growth Stage  V4 V9 V10 V12 R2 R3 R4 R5 R6 
Ambient Conditions                  
 
Ambient Temp (F)  79.00 70.00 79.00 66.00 79.00 73.00 72.00 80.00 59.00 
Ambient Temp (C)  26.11 21.11 26.11 18.89 26.11 22.78 22.22 26.67 15.00 
Dew Point Temp (F)  57.00 39.00 52.00 55.00 54.00 48.00 48.00 63.00 43.00 
Dew Point Temp (C)  13.89 3.89 11.11 12.78 12.22 8.89 8.89 17.22 6.11 
Relative Humidity (%)  47.00 33.00 39.00 68.00 42.00 41.00 43.00 54.00 57.00 
Atm Pressure (kPa)  97.90 98.67 98.30 98.50 98.65 98.32 98.45 97.90 98.66 
Percent Sky Cover (%)  100.00 20.00 5.00 100.00 0.00 15.00 0.00 0 hazy 0.00 
Wind Speed (mph)  6.00 7.00 9.00 10.00 14.00 9.00 14.00 12.00 12.00 
Wind Direction  SW N E NNW SSE N NW SSW WNW 
Vapor Pressure                   
 
es air (kPa)  3.38 2.50 3.38 2.18 3.38 2.77 2.68 3.50 1.71 
ea air (kPa)  1.59 0.81 1.32 1.48 1.42 1.14 1.14 1.96 0.94 
Calculated Atmospheric VPD (kPa)  1.80 1.70 2.06 0.71 1.96 1.63 1.54 1.53 0.76 
Measured Values                  
 
Soil Moisture 1 (m3/m3)  X 0.250 0.314 0.328 0.353 0.180 0.334 0.232 0.124 
Soil Moisture 2 (m3/m3)  X 0.274 0.244 0.298 0.339 0.175 0.330 0.278 0.163 
Soil Moisture 3 (m3/m3)  X 0.253 0.322 0.281 0.329 0.231 0.339 0.244 0.168 
Average Soil Moisture (m3/m3)  X 0.259 0.293 0.302 0.340 0.195 0.334 0.251 0.152 
IRGA Readings                  
 
Upper Photo 1  17.90 40.00 47.30 19.80 44.70 36.60 36.10 33.10 17.00 
Upper Photo 2  16.00 40.10 48.70 14.60 41.90 38.30 32.70 29.70 16.90 
Upper Photo 3  21.70 33.50 49.60 22.60 45.60 39.30 37.70 37.30 18.30 
Upper Photo 4  22.40 36.50 50.50 17.20 48.00 40.40 32.20 53.90 20.20 
Upper Photo 5  11.70 35.70 46.80 19.70 47.40 38.70 33.70 34.40 17.90 
Upper Photo 6  6.16 34.40 48.40 14.40 46.50 41.00 35.00 33.90 9.80 
Upper Photo 7  6.05 36.80 53.30 18.20 41.80 39.40 33.60 32.40 16.70 
Upper Photo 8  5.05 39.10 51.20 20.00 48.60 35.30 30.50 33.90 13.10 
Avg Upper Photo (umol CO2/m2/s)  13.37 37.01 49.48 18.31 45.56 38.63 33.94 36.08 16.24 
Upper Plant Photo (umol CO2 
plant/s) 
 0.274 1.778 4.229 1.537 4.103 3.499 3.000 2.823 
0.817 
Upper Cond 1  0.654 0.977 0.364 0.176 0.282 0.253 0.244 0.212 0.091 
Upper Cond 2  0.622 1.050 0.372 0.136 0.268 0.233 0.213 0.202 0.092 
Upper Cond 3  0.633 0.962 0.456 0.146 0.303 0.227 0.274 0.320 0.134 
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Upper Cond 4  0.959 0.958 0.433 0.113 0.335 0.238 0.198 0.306 0.116 
Upper Cond 5  0.375 0.864 0.346 0.170 0.322 0.227 0.245 0.282 0.050 
Upper Cond 6  0.195 0.752 0.381 0.119 0.323 0.281 0.239 0.289 0.104 
Upper Cond 7  0.203 0.799 0.489 0.166 0.310 0.224 0.246 0.229 0.050 
Upper Cond 8  0.170 0.701 0.541 0.176 0.384 0.213 0.210 0.226 0.102 
Avg Upper Cond (mol H2O/m2/s)  0.476 0.883 0.423 0.150 0.316 0.237 0.234 0.258 0.092 
Upper Plant Cond (mol H2O 
plant/s) 
 0.010 0.042 0.036 0.013 0.028 0.021 0.021 0.020 
0.005 
Upper Transpiration 1  4.04 5.02 5.76 2.27 5.44 4.36 2.24 4.52 1.87 
Upper Transpiration 2  4.01 7.47 6.17 1.84 5.75 4.36 3.88 4.23 1.90 
Upper Transpiration 3  4.16 7.20 6.72 1.90 6.04 4.59 4.82 5.77 2.35 
Upper Transpiration 4  4.90 7.03 6.63 1.68 6.35 4.67 3.94 5.33 2.34 
Upper Transpiration 5  3.12 6.36 6.00 2.24 6.58 4.66 4.29 5.49 2.15 
Upper Transpiration 6  2.09 6.65 6.39 1.76 6.82 5.40 4.56 5.01 1.14 
Upper Transpiration 7  2.06 6.70 7.09 2.38 6.65 4.93 4.73 5.07 1.95 
Upper Transpiration 8  1.84 6.91 7.62 2.46 7.97 4.71 4.52 5.64 1.89 
Avg Upper Trans (mmol 
H2O/m2/s) 
 3.28 6.67 6.55 2.07 6.45 4.71 4.12 5.13 
1.95 
Upper Plant Trans (mmol H2O 
plant/s) 
 0.067 0.320 0.560 0.173 0.581 0.427 0.364 0.402 
0.098 
Lower Photo 1  N/A N/A N/A 7.77 2.44 5.45 2.12 6.76 2.17 
Lower Photo 2  N/A N/A N/A 9.59 3.11 5.18 3.18 10.60 4.33 
Lower Photo 3  N/A N/A N/A 11.10 6.63 1.64 2.80 6.60 2.72 
Lower Photo 4  N/A N/A N/A 7.06 2.84 3.93 3.34 3.84 3.15 
Lower Photo 5  N/A N/A N/A 11.20 3.57 6.77 5.02 6.14 2.97 
Lower Photo 6  N/A N/A N/A 9.21 5.28 7.90 4.04 4.62 1.54 
Lower Photo 7  N/A N/A N/A 9.67 3.56 4.40 3.85 2.03 0.78 
Lower Photo 8  N/A N/A N/A 10.80 5.50 3.10 2.52 2.68 4.15 
Avg Lower Photo (umol CO2/m2/s)  N/A N/A N/A 9.55 4.12 4.80 3.36 5.41 2.73 
Lower Plant Photo (umol CO2 
plant/s) 
 N/A N/A N/A 0.30 0.17 0.20 0.15 0.18 
0.03 
Lower Cond 1  N/A N/A N/A 0.12 0.057 0.048 0.06 0.12 0.052 
Lower Cond 2  N/A N/A N/A 0.10 0.021 0.064 0.04 0.12 0.021 
Lower Cond 3  N/A N/A N/A 0.16 0.036 0.106 0.05 0.07 0.047 
Lower Cond 4  N/A N/A N/A 0.11 0.019 0.056 0.05 0.07 0.013 
Lower Cond 5  N/A N/A N/A 0.15 0.038 0.050 0.06 0.09 0.028 
Lower Cond 6  N/A N/A N/A 0.16 0.111 0.049 0.07 0.06 0.042 
Lower Cond 7  N/A N/A N/A 0.09 0.046 0.050 0.13 0.15 0.035 
Lower Cond 8  N/A N/A N/A 0.13 0.065 0.060 0.05 0.06 0.045 
Avg Lower Cond (mol H2O/m2/s)  N/A N/A N/A 0.13 0.049 0.060 0.066 0.091 0.035 
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Lower Cond (mol H2O plant/s)  N/A N/A N/A 0.00 0.002 0.003 0.003 0.003 0.000 
Lower Transpiration 1  N/A N/A N/A 1.68 1.46 1.00 1.24 2.37 0.82 
Lower Transpiration 2  N/A N/A N/A 1.54 0.55 1.37 0.81 2.32 0.33 
Lower Transpiration 3  N/A N/A N/A 2.06 1.02 2.14 0.86 1.50 0.73 
Lower Transpiration 4  N/A N/A N/A 1.56 0.52 1.21 1.01 1.60 0.18 
Lower Transpiration 5  N/A N/A N/A 2.06 0.98 1.05 1.30 1.94 0.47 
Lower Transpiration 6  N/A N/A N/A 2.12 2.48 1.05 0.82 2.05 0.67 
Lower Transpiration 7  N/A N/A N/A 1.28 1.20 1.13 2.05 2.87 0.59 
Lower Transpiration 8  N/A N/A N/A 1.70 1.63 1.32 0.92 1.44 0.75 
Avg Lower Trans (mmol H2O m2/s)  N/A N/A N/A 1.75 1.23 1.28 1.13 2.01 0.57 
Lower Trans (mmol H2O plant/s)  N/A N/A N/A 0.06 0.05 0.05 0.05 0.07 0.01 
                   
 
Leaf Area Upper (m2)  0.02051 0.04805 0.08548 0.08396 0.09005 0.09058 0.08840 0.07825 0.05029 
Leaf Area Lower (m2)  N/A N/A N/A 0.03184 0.04049 0.04227 0.04394 0.03395 0.01221 
Total Leave Area per Plant  0.02051 0.04805 0.08548 0.11580 0.13054 0.13285 0.13234 0.11220 0.06250 
Leaf Area Index (LAI)    0.16218 0.37995 0.67592 0.91567 1.03223 1.05049 1.04646 0.88721 0.49421 
                   
 
Cosine of Zenth Solar Angle (u)  0.93270 0.93260 0.91760 0.92140 0.89960 0.88750 0.83910 0.79660 0.73570 
G(u) at 67.5° Leaf Angle  0.32356 0.32356 0.32356 0.32356 0.32356 0.32356 0.32356 0.32356 0.32356 
Kb  0.34691 0.34695 0.35262 0.35117 0.35968 0.36458 0.38561 0.40618 0.43980 
Sunlit Leaf Fraction  0.95 0.88 0.79 0.73 0.69 0.68 0.67 0.70 0.80 
Shaded Leaf Fraction  0.05 0.12 0.21 0.27 0.31 0.32 0.33 0.30 0.20 
                   
 
Total Plant Photo (umol CO2 
plant/s) 
 0.067 0.320 0.560 11.087 4.270 3.701 3.148 3.007 
0.850 
Total Plant Cond (mol H2O plant/s)  0.010 0.042 0.036 0.278 0.030 0.024 0.024 0.023 0.005 
Total Plant Trans (mmol H2O 
plant/s) 
 0.067 0.320 0.560 0.229 0.631 0.481 0.414 0.470 
0.105 
                   
 
Population/Acre  32000 32000 32000 32000 32000 32000 32000 32000 32000.00 
                   
 
Total Photo/Acre (umol CO2 acre/s)  2151 10252 17910 354799 136632 118444 100723 96208 27195.88 
Total Cond/Acre (mol H2O acre/s)  312.65 1357.51 1156.37 8902.00 974.04 768.29 753.07 745.96 162.41 
Total Trans/Acre (mmol H2O acre/s)  2151 10252 17910 7334 20180 15389 13245 15037 3357.29 
                   
 
Total Trans (mL/acre/s)  38.75 184.69 322.64 132.13 363.54 277.23 238.61 270.89 60.48 
Total Trans (mL/acre/min)  2325 11081 19359 7928 21813 16634 14317 16253 3628.90 
Total Trans (mL/acre/hour)  139507 664880 1161520 475668 1308759 998016 859012 975201 217733.74 
Total Trans (mL/m2/hour)   34.47 164.30 287.02 117.54 323.40 246.61 212.27 240.98 53.80 
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Total Cond (mL/acre/s)  5632 24456 20832 160370 17547 13841 13567 13438 2925.79 
Total Cond (mL/acre/min)  337948 1467331 1249924 9622172 1052842 830440 813995 806306 175547.54 
Total Cond (mL/acre/hour)  2027689
1 
8803986
3 
7499544
3 
5.77E+0
8 
6317051
8 
4982640
7 
4883971
9 
48378368 10532852.2
6 
Total Cond (mL/m2/hour)   5011 21755 18532 142661 15610 12312 12069 11955 2602.72 
                   
 
CO2 (mol/acre/s)  0.00215 0.01025 0.01791 0.35480 0.13663 0.11844 0.10072 0.09621 0.02719588 
Air Temp in K  299.26 294.26 299.26 292.04 299.26 295.93 295.37 299.82 288.15 
CO2 (L/acre/s)  0.05467 0.25422 0.45335 8.74652 3.44630 2.96419 2.51265 2.44982 0.6604331 
Pressure (atm)  0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
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Soybean Field 1 
Date  6/20/17 6/26/17 7/3/17 7/13/17 7/29/17 8/4/17 8/22/17 9/3/17 9/17/17 
Time 12:49pm 1:14pm 1:11pm 12:30pm 1:22pm 12:55pm 1:10pm 12:46pm 12:53pm 
Growth Stage V3 V7 V8 V10/R1 R2 R3 R4 R5 R6 
Ambient Conditions                   
Ambient Temp (F) 73.00 70.00 79.00 66.00 79.00 73.00 72.00 80.00 59.00 
Ambient Temp (C) 22.78 21.11 26.11 18.89 26.11 22.78 22.22 26.67 15.00 
Dew Point Temp (F) 41.00 39.00 52.00 55.00 54.00 48.00 48.00 63.00 43.00 
Dew Point Temp (C) 5.00 3.89 11.11 12.78 12.22 8.89 8.89 17.22 6.11 
Relative Humidity (%) 31.00 33.00 39.00 68.00 42.00 41.00 43.00 54.00 57.00 
Atm Pressure (kPa) 97.86 98.67 98.30 98.50 98.65 98.32 98.45 97.90 98.66 
Percent Sky Cover (%) 0.00 20.00 5.00 100.00 0.00 15.00 0.00 0 hazy  0.00 
Wind Speed (mph) 14.00 7.00 9.00 10.00 14.00 9.00 14.00 12.00 12.00 
Wind Direction N N E NNW SSE N NW SSW WNW 
Vapor Pressure                    
es air (kPa) 2.77 2.50 3.38 2.18 3.38 2.77 2.68 3.50 1.71 
ea air (kPa) 0.87 0.81 1.32 1.48 1.42 1.14 1.14 1.96 0.94 
Calculated Atmospheric VPD (kPa) 1.90 1.70 2.06 0.71 1.96 1.63 1.54 1.53 0.76 
Measured Values                   
Soil Moisture 1 (m3/m3) X 0.188 0.247 0.291 0.229 0.179 0.286 0.287 0.147 
Soil Moisture 2 (m3/m3) X 0.243 0.204 0.216 0.244 0.169 0.272 0.279 0.185 
Soil Moisture 3 (m3/m3) X 0.206 0.230 0.210 0.282 0.154 0.307 0.275 0.147 
Average Soil Moisture (m3/m3) X 0.212 0.227 0.239 0.252 0.167 0.288 0.280 0.160 
IRGA Readings                   
Upper Photo 1 10.70 10.10 17.20 15.30 19.20 21.60 24.50 26.80 7.55 
Upper Photo 2 10.40 13.00 20.50 13.80 24.10 18.90 26.30 22.50 6.13 
Upper Photo 3 8.79 13.90 17.90 17.10 16.80 13.30 29.60 26.70 6.54 
Upper Photo 4 8.02 10.20 19.20 14.60 25.90 17.20 29.70 21.90 8.66 
Upper Photo 5 15.70 12.60 17.00 14.50 17.40 19.70 26.90 22.70 10.40 
Upper Photo 6 11.70 10.80 17.90 11.10 16.60 20.10 24.50 23.10 9.84 
Upper Photo 7 10.50 12.00 15.20 12.20 17.60 22.70 24.80 21.20 9.39 
Upper Photo 8 9.22 15.20 19.90 15.00 15.80 17.20 28.00 20.00 9.67 
Avg Upper Photo (umol CO2/m2/s) 10.63 12.23 18.10 14.20 19.18 18.84 26.79 23.11 8.52 
Upper Plant Photo (umol CO2 plant/s) 0.050 0.099 0.210 0.241 0.299 0.288 0.384 0.326 0.110 
Upper Cond 1 0.570 0.701 0.324 0.648 0.274 0.240 0.490 0.666 0.154 
Upper Cond 2 0.499 0.613 0.432 0.498 0.430 0.191 0.646 0.429 0.053 
Upper Cond 3 0.725 0.600 0.390 0.701 0.241 0.131 0.661 0.651 0.043 
Upper Cond 4 0.435 0.504 0.380 0.590 0.430 0.317 0.674 0.373 0.082 
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Upper Cond 5 1.080 0.429 0.367 0.691 0.232 0.228 0.530 0.546 0.120 
Upper Cond 6 0.561 0.496 0.401 0.478 0.311 0.229 0.404 0.462 0.093 
Upper Cond 7 1.090 0.500 0.359 0.565 0.304 0.304 0.493 0.437 0.067 
Upper Cond 8 0.814 0.912 0.393 0.590 0.306 0.169 0.137 0.444 0.092 
Avg Upper Cond (mol H2O/m2/s) 0.722 0.594 0.381 0.595 0.316 0.226 0.504 0.501 0.088 
Upper Plant Cond (mol H2O plant/s) 0.003 0.005 0.004 0.010 0.005 0.003 0.007 0.007 0.001 
Upper Transpiration 1 5.75 6.69 6.71 4.74 5.99 5.19 6.74 8.36 2.48 
Upper Transpiration 2 5.72 6.50 7.88 4.41 7.56 4.73 7.74 7.06 1.15 
Upper Transpiration 3 6.32 7.31 7.49 4.95 5.73 3.64 7.52 7.89 0.88 
Upper Transpiration 4 5.19 7.51 7.80 4.70 7.77 4.75 7.61 6.52 1.86 
Upper Transpiration 5 7.49 6.48 7.28 4.87 5.64 4.86 6.87 7.73 2.03 
Upper Transpiration 6 6.62 6.39 7.61 4.01 6.32 5.03 6.10 7.15 1.83 
Upper Transpiration 7 7.01 5.62 7.41 4.27 6.25 6.15 6.58 7.16 1.40 
Upper Transpiration 8 6.49 6.88 7.65 4.76 6.30 4.49 6.66 6.97 2.01 
Avg Upper Trans (mmol H2O/m2/s) 6.32 6.67 7.48 4.59 6.45 4.86 6.98 7.36 1.70 
Upper Plant Trans (mmol H2O plant/s) 0.030 0.054 0.087 0.078 0.101 0.074 0.100 0.104 0.022 
Lower Photo 1 N/A N/A N/A N/A 1.72 2.62 3.84 4.27 1.28 
Lower Photo 2 N/A N/A N/A N/A 0.89 1.36 2.91 1.60 1.46 
Lower Photo 3 N/A N/A N/A N/A 1.41 1.59 3.25 1.82 3.61 
Lower Photo 4 N/A N/A N/A N/A 1.50 3.65 3.13 2.63 3.27 
Lower Photo 5 N/A N/A N/A N/A 0.00 1.63 3.11 2.99 1.62 
Lower Photo 6 N/A N/A N/A N/A 1.69 1.69 2.59 3.02 1.69 
Lower Photo 7 N/A N/A N/A N/A 0.00 0.00 2.27 1.97 1.71 
Lower Photo 8 N/A N/A N/A N/A 1.79 0.92 1.92 2.72 1.49 
Avg Lower Photo (umol CO2/m2/s) N/A N/A N/A N/A 1.12 1.68 2.88 2.63 2.02 
Lower Plant Photo (umol CO2 plant/s) N/A N/A N/A N/A 0.04 0.05 0.10 0.06 0.04 
Lower Cond 1 N/A N/A N/A N/A 0.168 0.052 0.11 0.25 0.08 
Lower Cond 2 N/A N/A N/A N/A 0.173 0.091 0.11 0.04 0.02 
Lower Cond 3 N/A N/A N/A N/A 0.082 0.046 0.11 0.10 0.08 
Lower Cond 4 N/A N/A N/A N/A 0.098 0.055 0.18 0.32 0.12 
Lower Cond 5 N/A N/A N/A N/A 0.044 0.060 0.06 0.18 0.03 
Lower Cond 6 N/A N/A N/A N/A 0.042 0.098 0.12 0.25 0.03 
Lower Cond 7 N/A N/A N/A N/A 0.026 0.036 0.21 0.09 0.01 
Lower Cond 8 N/A N/A N/A N/A 0.189 0.044 0.05 0.08 0.02 
Avg Lower Cond (mol H2O/m2/s) N/A N/A N/A N/A 0.103 0.060 0.119 0.164 0.388 
Lower Cond (mol H2O plant/s) N/A N/A N/A N/A 0.003 0.002 0.004 0.004 0.008 
Lower Transpiration 1 N/A N/A N/A N/A 3.14 1.11 1.33 2.97 1.40 
Lower Transpiration 2 N/A N/A N/A N/A 3.29 1.67 1.27 0.93 0.34 
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Lower Transpiration 3 N/A N/A N/A N/A 1.85 1.03 1.13 2.04 1.08 
Lower Transpiration 4 N/A N/A N/A N/A 1.99 1.00 1.82 1.31 1.43 
Lower Transpiration 5 N/A N/A N/A N/A 1.06 1.31 0.80 2.78 0.44 
Lower Transpiration 6 N/A N/A N/A N/A 0.97 1.88 1.40 1.26 0.59 
Lower Transpiration 7 N/A N/A N/A N/A 0.64 0.79 2.11 1.65 0.17 
Lower Transpiration 8 N/A N/A N/A N/A 3.16 0.92 0.79 1.61 0.42 
Avg Lower Trans (mmol H2O m2/s) N/A N/A N/A N/A 2.01 1.21 1.33 1.82 0.73 
Lower Trans (mmol H2O plant/s) N/A N/A N/A N/A 0.06 0.04 0.05 0.04 0.02 
                    
Leaf Area Upper (m2) 0.00473 0.00809 0.01159 0.01695 0.01561 0.01529 0.01433 0.01412 0.01296 
Leaf Area Lower (m2) N/A N/A N/A N/A 0.03148 0.03159 0.03537 0.02305 0.02104 
Total Leave Area per Plant 0.00473 0.00809 0.01159 0.01695 0.04709 0.04688 0.04970 0.03717 0.03400 
Leaf Area Index (LAI)   0.12156 0.20790 0.29785 0.43560 1.21016 1.20477 1.27721 0.95523 0.87376 
                    
Cosine of Zenth Solar Angle (u) 0.92780 0.91480 0.91470 0.92190 0.87780 0.86130 0.82260 0.79050 0.72540 
G(u) at 67.5° Leaf Angle 0.80085 0.80085 0.80085 0.80085 0.80085 0.80085 0.80085 0.80085 0.80085 
Kb 0.86317 0.87543 0.87553 0.86869 0.91233 0.92981 0.97355 1.01309 1.10401 
Sunlit Leaf Fraction 0.90 0.83 0.77 0.68 0.33 0.33 0.29 0.38 0.38 
Shaded Leaf Fraction 0.10 0.17 0.23 0.32 0.67 0.67 0.71 0.62 0.62 
                    
Total Plant Photo (umol CO2 plant/s) 0.050 0.099 0.210 0.241 0.335 0.341 0.486 0.387 0.153 
Total Plant Cond (mol H2O plant/s) 0.003 0.005 0.004 0.010 0.008 0.005 0.011 0.011 0.009 
Total Plant Trans (mmol H2O plant/s) 0.030 0.054 0.087 0.078 0.164 0.113 0.147 0.146 0.038 
                    
Population/Acre 104000 104000 104000 104000 104000 104000 104000 104000 104000 
                    
Total Photo/Acre (umol CO2 acre/s) 5228 10286 21817 25032 34814 35488 50513 40244 15898 
Total Cond/Acre (mol H2O acre/s) 355.04 500.08 458.94 1049.09 849.72 557.24 1189.47 1129.36 967.56 
Total Trans/Acre (mmol H2O acre/s) 3111 5614 9015 8089 17049 11709 15294 15162 3902 
                    
Total Trans (mL/acre/s) 56.04 101.14 162.40 145.72 307.13 210.94 275.53 273.14 70.30 
Total Trans (mL/acre/min) 3362 6068 9744 8743 18428 12656 16532 16388 4218 
Total Trans (mL/acre/hour) 201746 364089 584632 524607 1105677 759370 991905 983299 253067 
Total Trans (mL/m2/hour)  49.85 89.97 144.47 129.63 273.22 187.64 245.10 242.98 62.53 
                    
Total Cond (mL/acre/s) 6396 9009 8268 18899 15308 10039 21428 20345 17431 
Total Cond (mL/acre/min) 383766 540540 496069 1133957 918457 602319 1285701 1220722 1045835 
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Total Cond (mL/acre/hour) 23025976 32432406 29764148 68037446 55107450 36139168 77142058 73243318 62750107 
Total Cond (mL/m2/hour)  5690 8014 7355 16812 13617 8930 19062 18099 15506 
                    
CO2 (mol/acre/s) 0.00523 0.01029 0.02182 0.02503 0.03481 0.03549 0.05051 0.04024 0.01590 
Air Temp in K 295.93 294.26 299.26 292.04 299.26 295.93 295.37 299.82 288.15 
CO2 (L/acre/s) 0.13146 0.25505 0.55226 0.61708 0.87813 0.88812 1.26011 1.02477 0.38606 
Pressure (atm) 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
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Soybean Field 2 
        
Date  6/26/17 7/3/17 7/13/17 7/29/17 8/4/17 8/22/17 9/3/17 9/17/17 
Time 12:47pm 12:59pm 12:21pm 12:37pm 12:36pm 12:38pm 12:32pm 12:39pm 
Growth Stage V6 V8 V10/R1 R2 R2 R4 R5 R6 
Ambient Conditions                 
Ambient Temp (F) 70.00 79.00 66.00 79.00 73.00 72.00 80.00 59.00 
Ambient Temp (C) 21.11 26.11 18.89 26.11 22.78 22.22 26.67 15.00 
Dew Point Temp (F) 39.00 52.00 55.00 54.00 48.00 48.00 63.00 43.00 
Dew Point Temp (C) 3.89 11.11 12.78 12.22 8.89 8.89 17.22 6.11 
Relative Humidity (%) 33.00 39.00 68.00 42.00 41.00 43.00 54.00 57.00 
Atm Pressure (kPa) 98.67 98.30 98.50 98.65 98.32 98.45 97.90 98.66 
Percent Sky Cover (%) 20.00 5.00 100.00 0.00 15.00 0.00 0 hazy 0.00 
Wind Speed (mph) 7.00 9.00 10.00 14.00 9.00 14.00 12.00 12.00 
Wind Direction N E NNW SSE N NW SSW WNW 
Vapor Pressure (kPa)                 
es air (kPa) 2.50 3.38 2.18 3.38 2.77 2.68 3.50 1.71 
ea air (kPa) 0.81 1.32 1.48 1.42 1.14 1.14 1.96 0.94 
Calculated Atmospheric VPD (kPa) 1.70 2.06 0.71 1.96 1.63 1.54 1.53 0.76 
Measured Values                 
Soil Moisture 1 (m3/m3) 0.27 0.282 0.291 0.287 0.188 0.353 0.222 0.128 
Soil Moisture 2 (m3/m3) 0.32 0.293 0.316 0.297 0.195 0.333 0.293 0.230 
Soil Moisture 3 (m3/m3) 0.31 0.292 0.307 0.324 0.209 0.389 0.274 0.163 
Average Soil Moisture (m3/m3) 0.30 0.289 0.305 0.303 0.197 0.358 0.263 0.174 
IRGA Readings                 
Upper Photo 1 8.99 14.00 12.20 17.60 15.60 23.70 23.20 7.11 
Upper Photo 2 14.50 20.20 9.93 23.10 16.10 22.50 21.40 10.10 
Upper Photo 3 11.90 19.50 11.70 25.00 14.80 30.40 20.20 10.40 
Upper Photo 4 10.20 15.90 11.00 15.90 12.80 24.20 23.40 9.19 
Upper Photo 5 10.10 19.90 10.20 16.40 21.60 31.40 20.70 4.12 
Upper Photo 6 8.52 14.60 10.90 18.50 11.20 24.00 24.60 9.39 
Upper Photo 7 7.76 15.70 13.60 15.40 18.40 25.30 17.60 7.67 
Upper Photo 8 7.00 17.10 9.77 22.30 15.50 25.90 23.60 8.55 
Avg Upper Photo (umol CO2/m2/s) 9.87 17.11 11.16 19.28 15.75 25.93 21.84 8.32 
Upper Plant Photo (umol CO2 plant/s) 0.051 0.174 0.165 0.214 0.173 0.262 0.212 0.075 
Upper Cond 1 0.429 0.314 0.564 0.487 0.180 0.643 0.591 0.128 
Upper Cond 2 0.620 0.460 0.573 0.433 0.184 0.549 0.636 0.138 
Upper Cond 3 0.499 0.325 0.599 0.273 0.194 0.648 0.593 0.140 
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Upper Cond 4 0.388 0.266 0.553 0.316 0.137 0.489 0.521 0.135 
Upper Cond 5 0.554 0.343 0.532 0.251 0.328 0.456 0.694 0.078 
Upper Cond 6 0.697 0.312 0.481 0.248 0.116 0.444 0.570 0.158 
Upper Cond 7 0.377 0.280 0.530 0.405 0.178 0.514 0.571 0.127 
Upper Cond 8 0.235 0.363 0.376 0.391 0.180 0.631 0.582 0.109 
Avg Upper Cond (mol H2O/m2/s) 0.475 0.333 0.526 0.351 0.187 0.547 0.595 0.127 
Upper Plant Cond (mol H2O plant/s) 0.002 0.003 0.008 0.004 0.002 0.006 0.006 0.001 
Upper Transpiration 1 5.05 5.83 4.67 6.35 4.38 6.69 8.14 2.41 
Upper Transpiration 2 6.59 7.33 4.42 8.19 4.05 6.13 7.63 2.54 
Upper Transpiration 3 5.82 6.01 4.65 8.25 3.97 6.92 7.37 2.61 
Upper Transpiration 4 4.87 5.50 4.72 6.13 3.40 6.74 7.65 2.51 
Upper Transpiration 5 6.79 6.55 4.59 6.38 5.70 7.43 8.06 1.72 
Upper Transpiration 6 6.24 5.83 4.26 6.49 2.80 5.21 8.28 2.77 
Upper Transpiration 7 5.11 5.71 4.51 6.27 4.27 5.44 7.87 2.29 
Upper Transpiration 8 4.25 6.99 3.76 8.29 3.92 5.82 7.99 2.12 
Avg Upper Trans (mmol H2O/m2/s) 5.59 6.22 4.45 7.04 4.06 6.30 7.87 2.37 
Upper Plant Trans (mmol H2O plant/s) 0.029 0.063 0.066 0.078 0.045 0.064 0.076 0.021 
Lower Photo 1 N/A N/A N/A 0.67 0.15 0.00 2.79 0.31 
Lower Photo 2 N/A N/A N/A 2.03 0.55 2.87 2.54 0.00 
Lower Photo 3 N/A N/A N/A 1.78 1.07 2.72 0.84 0.70 
Lower Photo 4 N/A N/A N/A 1.39 1.12 0.19 3.26 0.69 
Lower Photo 5 N/A N/A N/A 2.21 1.41 0.84 1.93 0.37 
Lower Photo 6 N/A N/A N/A 2.14 1.44 1.29 2.61 0.00 
Lower Photo 7 N/A N/A N/A 1.89 1.12 0.13 0.99 0.17 
Lower Photo 8 N/A N/A N/A 1.32 0.94 0.60 0.66 0.00 
Avg Lower Photo (umol CO2/m2/s) N/A N/A N/A 1.68 0.98 1.08 1.95 0.28 
Lower Plant Photo (umol CO2 plant/s) N/A N/A N/A 0.03 0.02 0.03 0.04 0.00 
Lower Cond 1 N/A N/A N/A 0.12 0.027 0.212 0.30 0.05 
Lower Cond 2 N/A N/A N/A 0.06 0.108 0.099 0.24 0.04 
Lower Cond 3 N/A N/A N/A 0.06 0.036 0.101 0.16 0.01 
Lower Cond 4 N/A N/A N/A 0.06 0.042 0.150 0.31 0.02 
Lower Cond 5 N/A N/A N/A 0.10 0.099 0.168 0.13 0.05 
Lower Cond 6 N/A N/A N/A 0.03 0.029 0.077 0.15 0.03 
Lower Cond 7 N/A N/A N/A 0.05 0.024 0.076 0.24 0.05 
Lower Cond 8 N/A N/A N/A 0.05 0.053 0.127 0.14 0.04 
Avg Lower Cond (mol H2O/m2/s) N/A N/A N/A 0.07 0.052 0.126 0.208 0.036 
Lower Cond (mol H2O plant/s) N/A N/A N/A 0.00 0.001 0.003 0.005 0.000 
Lower Transpiration 1 N/A N/A N/A 0.53 0.55 2.10 1.38 0.80 
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Lower Transpiration 2 N/A N/A N/A 1.61 1.91 1.24 1.99 0.65 
Lower Transpiration 3 N/A N/A N/A 1.49 0.77 1.21 2.09 0.17 
Lower Transpiration 4 N/A N/A N/A 1.56 0.85 1.66 1.02 0.38 
Lower Transpiration 5 N/A N/A N/A 2.53 1.83 1.81 1.77 0.41 
Lower Transpiration 6 N/A N/A N/A 4.14 0.58 0.97 1.82 0.90 
Lower Transpiration 7 N/A N/A N/A 1.34 0.49 0.96 0.45 0.74 
Lower Transpiration 8 N/A N/A N/A 1.44 1.01 1.45 1.98 0.92 
Avg Lower Trans (mmol H2O m2/s) N/A N/A N/A 1.83 1.00 1.43 1.56 0.62 
Lower Trans (mmol H2O plant/s) N/A N/A N/A 0.03 0.02 0.04 0.03 0.01 
                  
Leaf Area Upper (m2) 0.00517 0.01015 0.01480 0.01110 0.01098 0.01012 0.00970 0.00902 
Leaf Area Lower (m2) N/A N/A N/A 0.01693 0.01990 0.02486 0.02210 0.01308 
Total Leave Area per Plant 0.00517 0.01015 0.01480 0.02803 0.03088 0.03498 0.03180 0.02210 
Leaf Area Index (LAI)   0.19163 0.37622 0.54857 1.03895 1.14459 1.29667 1.17869 0.81915 
                  
Cosine of Zenth Solar Angle (u) 0.92720 0.92070 0.92210 0.89840 0.88650 0.83710 0.79500 0.73210 
G(u) at 67.5° Leaf Angle 0.80085 0.80085 0.80085 0.80085 0.80085 0.80085 0.80085 0.80085 
Kb 0.86373 0.86982 0.86850 0.89141 0.90338 0.95669 1.00735 1.09390 
Sunlit Leaf Fraction 0.85 0.72 0.62 0.40 0.36 0.29 0.31 0.41 
Shaded Leaf Fraction 0.15 0.28 0.38 0.60 0.64 0.71 0.69 0.59 
                  
Total Plant Photo (umol CO2 plant/s) 0.029 0.063 0.066 0.242 0.192 0.289 0.255 0.079 
Total Plant Cond (mol H2O plant/s) 0.002 0.003 0.008 0.005 0.003 0.009 0.010 0.002 
Total Plant Trans (mmol H2O plant/s) 0.029 0.063 0.066 0.109 0.064 0.099 0.111 0.030 
                  
Population/Acre 150000 150000 150000 150000 150000 150000 150000 150000 
                  
Total Photo/Acre (umol CO2 acre/s) 4335 9468 9873 36363 28852 43373 38245 11802 
Total Cond/Acre (mol H2O acre/s) 368.27 506.80 1167.72 753.82 463.76 1300.56 1554.46 242.45 
Total Trans/Acre (mmol H2O acre/s) 4335 9468 9873 16377 9672 14875 16636 4429 
                  
Total Trans (mL/acre/s) 78.10 170.57 177.87 295.03 174.24 267.98 299.69 79.78 
Total Trans (mL/acre/min) 4686 10234 10672 17702 10455 16079 17982 4787 
Total Trans (mL/acre/hour) 281145 614041 640333 1062101 627280 964715 1078900 287226 
Total Trans (mL/m2/hour)  69.47 151.73 158.23 262.45 155.00 238.39 266.60 70.97 
                  
Total Cond (mL/acre/s) 6634 9130 21036 13580 8355 23430 28004 4368 
Total Cond (mL/acre/min) 398058 547802 1262189 814804 501276 1405779 1680212 262062 
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Total Cond (mL/acre/hour) 23883495 32868149 75731313 48888244 30076564 84346770 1.008E+08 15723702 
Total Cond (mL/m2/hour)  5902 8122 18714 12081 7432 20843 24911 3885 
                  
CO2 (mol/acre/s) 0.00434 0.00947 0.00987 0.03636 0.02885 0.04337 0.03824 0.01180 
Air Temp in K 294.26 299.26 292.04 299.26 295.93 295.37 299.82 288.15 
CO2 (L/acre/s) 0.10750 0.23967 0.24340 0.91719 0.72206 1.08199 0.97385 0.28661 
Pressure (atm) 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
